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ABSTIUNCT 
. The desire to reduce zhe overall motor vcbic. ',. e 
weight, and so ds. --, lcuss fuel, mcans that aluniniu-11 alloys 
are now being considerz: d for car bodies. Unt-0--tunatelY, 
increase in strencit-h generally leads to a decre-a'se Jn 
ductility, because of the alloying add. 44. tions. Warm 
forming how, ý-ver, of the Al/Mg series of alloys restores 
and enhances dtjztility to a remarkable degree. 
The work for this thesis investigated the whole 
range of cominercial aluminium/magnesium alloy (0-6.6% Mg) 
over a range of temperatures from 20 to 3000ý and strain 
rates from 8.3 x 10-3 - 1.67 x 10-4 sec-1. Tests were 
carried out in both uniaxial and biaxial tension and 
elongations of more than 200% and m values of --0.32 were 
obtaindd. A close correlation bet7ween m value and 
elongation was found. 
The effect of prior cold working and annealing on 
ductIlity was also studied, it was -found that-greater 
Ithe 
prior cold work the higher the ductility at elevated 
temperatures. 
The biaxial tests carried out -ndicated a 
higher 
cup or bulge height resulted from 'nigher magnesium 
contents and/or higher temperatures Lip to 300"C. The 
biaxial tests were less sensitive to strain rate than the 
uniaxial tests. Tensile data was correlated with the 
biaxial forming characteristics. 
The microstructure of warm-formed materials was 
studied. 'microstructures showed di st-orted grains and the 
second phase ( ,q) precipitated mainly :. n 
dhe grain 
boundaries. x subgrain structure and the formation of 
regular-mesh dislocation networks were observed by means 
of transmission electron microscopy. 
On the basis of these investigations dynamic 
recovery is concluded to be the'm. ain softerling mechanism. 
The small equiaxed grains vhich appe: arad in the ga-ain 
boundaries of worked grains are believ, -d to be formed 
after deforma'; Aon. 
Cavitation developed, as a result of warm forming 
and was pronounced in both the gauge length and in the 
V. icinity of the fracture. Cavitation showed a distinct 
Preferance for grain boundaries particularly'at triple 
Points. The cavity size increased with increasing 
temperat-ure and decreasing strain rate. Cavitation seemed 
to be more se-vere in annealed -zietals than in the 
cold-workeG allovs. 
The activation energy for dynamic recov--ry was 
obtained and it corresponded to that for cross-slip Of 
screw d; slocatiotis.. %, hich leads to t'ne formantion of stable 
dislocation ne-tworks and suL-graln struct-ures. 
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Chapter 1 
Forming at elevated temperature. 
INTRODUCTI 'ON 
Recently, the increase in the cost of oil and the 
risks of petroleum scarcity have accentuated the use of 
alwUnium in t1he motor industry. It seems very likely 
that certain medium strength aluminium alloy sheets will 
soon be used for the mass-production of motor car body 
parts, as, from an energy conservation stand-point, 
lighter cars use less fuel. 
0 
A comparison of ik-. he tensile properties of 
aluminium alloys and of extra deep drawing quality steels 
shows that at equal strength levelsl the aluminium alloys 
have little more than . 50% of the elongation of steel and so thoughts have turned to forming at elevated 
temperatures as, in general, metals become More ductile 
as the temperature is increased. Hot forming of sheets 
im, iediately suggests superplasticity, where generallyr 
under rather special conditions of alloy compositionr 
temperatures and strain rate, large elongations (800 - 
2500%) can be achieved. 
It would be desirable, however, if some more 
modest increase in ductility could be produced, in 
conventional alloys, at lower temperatures under 
uncritical operating conditions, -and it is from this 
springboard that work on the warm forming of aluminiun" 
alloys was begun. 
In 1-0.46 Dorn& Co-workeers (Ref. 1. ) demonstrated 
that deep drawing of cylindrical . -ups and box type parts could be enhanced by a quite modest (2000C) increaso in 
temperature. 
In the 1950's an aluminium. alloy containing 3- 
4% magnesium was generally used for press forming panels 
for the more expensive range of cars. This was a 
non-heaý treatable, strain-hardening alloy, but 
inevi'ýabiy of reduced ductili46 -y, because of alloving 
additions. 
More recently, Taylor et al (Ref. 2. ) and Ayres 
(Ref. 3. ) have shown that the tensile elongations of 
annealed Al - 4% Mg alloys (5182 - 0), considered for use 
as autobody sheet, could be increased by deforming at 
elevated temperatures if the strain rates were low. 
The present work is in three main parts, first, 
an investigation of the tensile properties of a sories of 
commercial Al/Mg alloys, 0-6.6% Mg, at temperatures up to 3000C, and over a wide range of strain rates. 
6 
-2- 
Secondly, an investigation in the laboratory of 
hot pressing and bulging to study the biaxial stretching 
behaviour of Al-- 2 Mg and Al 76 Mg. 
Thirdly,, metallography was done in an attempt to 
explain the metallurgical reasons for this enhanced 
plasticity. 
-j-. 
Chapter 1. 
Formin- at elevat ted tem-p ra4-ure 
1.1. General 
During manufacturing processes, the deformation 
temperature and the strain rate are often controlled to 
de-velop, tile optimum structure and properties in the 
products. 
The best uray to compare the mechanical properties 
of different materials at various temperatures is that of 
Homologous temperature, TH; this is defined as: - 
TH zz Testing temperature in deqrecs Kelvin 
Melting point in degrees Kelvin 
At TH < 0.3, metals become harder during the 
working process and the flow curve. rises with increasing 
deformation, movement and interlocking of dislocations. 
The greater the degree of. deformation the larger the 
number of dislocati 
' 
ons produced, and because of their 
mutual interaction and obstruction, larger stresses are "L required to force their movement and hence cause further 
plastic flow, very simply, this explains strain- 
hardening. 
Forming at TH > 0.4 (so called warm forming) 
but below the recryctallisation tempeAature, metals may 
be worked and large strains can be achieved with 
essentially limited. amount of.. -strin hardenint-,,. 
IV, arm forming is a relatively now technique and 
seems to offer the possibility of producing in sheet a 
range of rather complex shape; wil... hout the risk of 
cracking. 
At TH > 0-51 usually the recrystallisation 
temperature, TrI hot working is, conducted. At this 
temperature, a balance has been established between the 
tendency to strain harden and the tendency to soften 
concurrently. The softening processes are recovery, 
recrystallisation and grain growth, and 'they are all 
thermally activated ones. 
-4- 
I 
1.1.1. E-f-fact of temperature on flOw 2rolperties 
The stress-strain curve and the flow. and 
fracture properties are strongly dependant on the 
temperature, TH, at which the test is conduc4-ed. In 
generalr strength decreases and ductility increases as 
the test temperature is increased. However, struct-ural 
cbanges such as precipitation, strain ageing, or 
recrystallisation may occur in certain temperature ranges 
to alter this general behaviour. 
The change with temperature of the engineering 
stress-strain curve in superpure aluminium is shown in 
figure (1). (Ref. 4. ). 
In P. C. C. metals, the flow stress is not strongly 
-eases dependant on temperature, but strain hardening dec, 
wi'th increasing temperature. This results in the stress- 
strain curve flattening out wilth increasing temperature 
and the tensile strength being more temperature dependant 
than the yield strength. 
The tensile strength 
complicated by the formation 
(Ref. 5. ) in the specimen. 
at elevated temperature is 
of more than one neck 
The temperature dependance of the f low stress at 
a constant strain rate can generally be expressed by: - 
Q/RT I 
(2) 
where Q= an activation energy for plastic flow 
(cal/g nole) 
R= universal gas constant 1.98 cal/deg mole 
T= testing temperature (11K) 
If this expression is obeyed, a plot of ln a' 
versus I/T will give a straight line with slope Q/R. 
The value of flow stress depends on the dis- 
location structures existing at- the time the flow stress is measured. The dislocation structure will change with 
temperature, strain rate, and strain. One way to 
separate these effects is to evaluate Q by a temperaturte 
change test as in figure (2); the stress-strain curve is 
obtained on a constant strain rate machine and at the 
desired value of plastic Gitraint the temperature is 
changed from T2 to Tl. 
-5- 
After the temperature is changed activation energy is 
given by: - 
R ln /CýJN Tj T2\ 
T-2) 
(-T2-Tl) 
1.1.2. Effect of strain rate on flow properties 
The rate at which the strain is applied to a 
specimen can have an important influence on the flow 
stress; true strain rate is defined as t= de/dt. 
Figure (3) shows that the increasing strain rate 
increases the tensile strength. Moreover, the strain 
rate dependance of strength and flow stress at lower 
plastic strains'are more dependant on strain rate than 
tensile strength. 
The strain rate expressed in terms of 
conventional linear strain (e) can be written as 
follows: - 
cl e1 al V (4) 
JE dt 1-0 ait ro 
Where V is the cross head velocity; V dI Ut 
i 
The true strain rate is given by: - 
df- d[ln(1/10)1 1 dl v (5) 
rt -- dt I at 1 
This equation (5) indicates that for a constant 
cross head velocity, the true strain rate will decrease 
as the specimen elongates. To maintain a constant tru- 
strain rate, the cross head velocity must, increase in 
proportion to the increase in length of the specimen. 
The true strain rate is related to the 
conventional strain rate by the following equation: - 
E= de =1. Le =ý 
I+e dt 1+e 
-6-- 
The most common relationship between flow stress 
and strain rate, at constant temperature and strain is 
Cr KT (7) 
11here K is a material constant, that deperift upon 
test temperature and defect structure of the specimen, 
while m. is the strain rate sensitivity index. 
Conventionally, 
cross head speed during 
m may be measured from 
(Ref. 6. ) 
m is determined by 
tensile testing or 
a stress relaxation 
charging the 
alternatively, 
experiment 
For the changing of the cross head speed 
approach, which is more convenient than stress 
relaxation, -the specin. en is deformed to a specific 
strain, and before significant necking occurs, the cross 
head velocity is rapidly increased or decreased by a 
factor of 2-2.5 and deformation is continued. Figure 
(4) shows schematically the type of stress/strain 
behaviour generally obtained. 
There are five methoas of analysing the data 
which depend on taking different points from figure (4); 
howeverl one of the first two methods is preferred, 
because these provide more consistency (. t. 0.02) between 
incremental and decremental strain-rate changes. 
Method I (Ref. 7. ) 
In this case the parameter m is given by: - 
M log, (Pý/ IP) "T' iOg (V2/; l 
(8) 
Where A is the maximum load at cross head 
velocity V2, and B is the extrapolation of the curve for 
Vl to the same strain as A. This is the most co, -. unon 
method of determining the strain rate sensitivity. 
However it has the disadvant-age of extrapolation errors. 
Method II (Ref. 6. ) 
In #... his case the parameter m is evaluated by: - 
I log (cKk/ I cri- 
109 (WIC) 
(9) 
Where A and C are the points of maximum load, 
rigure (4). This method has the advantage that no extra- 
polat ' ion is required so that only small s. 1-0 -rains need ' be accumulated between changes in cross head ve. locities. 
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Method III (Ref. 9. ) 
This is. a variant of method 1, i. e. the parameter 
m'is given by: - 
M log (PE/P )- (10) 
TO-79-'V2Pjl-Y 
Where E is the back extrapolation of velocity V2 
to the strain at which the change was made. 
Method IV (Ref. 10. ) 
Here the strain-rate sensitivity is measured 
using the limit F of the linear region of the curve after 
the velocity change to give: - 
M 109 (P F/P D) 
109 (V2/Vl) 
Method V (Ref. 11. ) 
In this method the parameter m is given bv: - 
1019 (C7"A/0b)- 
-L09(tA/LD) 
Because of a neck developing at higshaer strains, 
the effect of strain on m is very important. 
Unfortunately, only limited data was available on the 
effect of strain on m values. 
MorrIson (Ref. 12. ) found that m decreased with increasing bcrain in Sn-Pb eutectic alloys, which-he 
attributed to structural changes, probably grain growth 
accompanying deformation. However more complex behaviour 
was reported for steels, in which m first increased and then decreased with increasing strain (Rer.. 13. ), again E because of structural changes, and m, also reported to be independent of strain in case of Al killed and rimmed 
steel (Ref. 14. ). In aluminium alloys ra was reported to increase with increasing strain (Ref. 15. ) and is also 
reported to be independent - in the case of pure Al (Ref. 16. ) and Cu-Al eutectic (Ref. 17. ) 
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Returning to the effect of strain rate on flow 
properties, the rela'tionship: - 
cr 
is useful in materials where m changes as a function of 
strain. 
, 
1.1.3. Mechanics of stable deformation at elevated 
temperatures 
A ductile material when stretched by a tensile 
force, can defotm uniformly only while stable flow 
occurs. The limit of stable flow is marked by the onset 
of geometrical instability; that is, after a certain 
uniform extension, deformation i- - concentrates at a 
given point and ceases elsewhere. Sucý instability 
produces the commonly observed regions of localised 
deformation (necks) which eventually lead to rupture. 
At temperatures below 0.3 Tm (where I'm, is the 
melting 'Cemperature of the metal or alloy in question in 
degrees Kelvin) instability occurs when'the material has 
exhausted its capacity for strain-hardening and the true 
strain F_ 
, 
at this point is shown to be numerically equal 
to the strain hardening index n. if the material under 
test obeys the relationship 
n 
cr (14) 
It follows therefore, that as the index n has 
values generally at -< 0.3.. uniform elongation will not 
exceed 30% strain. For further stabie extension, the 
material must be unloaded and then softened, thus 
restoring the ability to strain hardening again on re- 
applying tt.: he load. 
If a material does not strain harden there can be 
no uniform elongation, yet at temperatures above 0.5 TMr 
materials often exhibit a certain range of uniform defor- 
mation and also quite high elongations can result (super 
plastic materials). 
In these circumstances, thereffore some factor 
other than strain hardening must control the deformation 
ability in a stable manner. Above 0.5 Tm, where an equi- librium between restoration and hardening exists, the important parameter is strain-rate sensiiivity and this 
replaces the strain hardening index n, which is the con- trolling factor at low temperatures. 
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The magnitude of the-strain-rate sensitivity 
ind-.. -,, m, is of considerable importance in raost cases of 
defor-mattion. This was demonstrated analyltically b,,, 
Rossards (Ref. 13. ) and experimentally by Backlofen 
(Ref. 19. ). Rossard's treatment of mechanical instab- 
ility, during creep deformation, assumes that a 
mechanical equaltion of. state exists of the form: - 
nm 
0-=F, FE E (13) 
Assuming n is constant, a more simplified analy- 
. 
tical form is often used to 
* 
demonstrate that high values 
of m are required for resistance to normal- neck form- 
ation, reduce equation (13) to 
In PKE. (15) 
-or 
1/rn 1/rn 
= (L\ (16) 
\A) 
From definition of true strain rate 
1 dL= -1 dA (17) 
L dt A dt 
Where t is the time,, it follows from a combin- 
ation, of e(IL. ations (16) and (17) that 
(M-I) /M 
dA p (A) 
dt Kp 
When m=1 the deformation is Newtonian viscous 
and dA is independent of area (A) and any incipient neck 
dt, 
is simply preserved during elongation and does not Dropa- 
gate inward. As m approachds unity, the rate of g-.; wth of incipient neck's is drastically reduced and large elon- 
gations are therefore possible. In superplastic materials 
- less than unityr this effect still where m is high but 
exists. In a rionsuperp I ast! c in which m is always /, 0.2 a 
pronounced chanqe in cross section (rieck) occurs where the 
area is a minimum and the stress higher than elswhere. 
Figure (5) sho%.., s how the area decr6ases varies with m 
values. 
Figure (6a), presented by Ghosh (Ref. 20. ), shows 
the influence of a small -n - value (0.01 - 0.05) in 
extending the post-uniform strain at a constant, n value 
of 0.1, while figure (6b) shows the influence of n on the 
engineering stress strain curves for m=0, for n 0.05t 
0.10,0.20 and 0.04. As n increases, post: uniform 
portions drop more slowly. 
Ghosh also suggested a constitutive equation which 
-ween n, m and strain: - governs the relationship bet 
n00 
(19) er =K+m ln We )I 
Where K is a strength coef icient,, and 
ý, 
o is a 
reference strain-rate at which strain rate hardening I'S 
negligible. 
Figure (6c) again from Ghoý 
post-uniform strain as function o. 
0.2, The increase in post-uniform 
alone (f or rl = 0) is enhanced many 
On the other hand, the effect of m 
larger values of n. This combined 
ter than that of significantly great 
sh shows plots of 
m for n=0.05,0.1 and 
strain produced by n 
times as m increases. 
is complimented by 
affect of n and m is 
either n or m alone. 
1.1.4. Ductility at elevated temperature 
The basic problem in ductility is to explain why 
terial, different strains are possible in -for a given mal. 
different working processes before fracture occurs. one 
proposal (Re"Es. 211., 22. ) involves the application of a 
workabili. ty equation: - 
(20) 
workability = fl(material) x f2(process,, friction#. **) 
Where fl is a function of the basic ductility of 
the metal, and f, that of the external factors which 
modify. the basic ductility. 
The two most- widely used tests to measure 
ductility are tension and torsion tests; compression and 
bend tests have a limited use for assessing the ductilitY 
of relatively brittle materials. 
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The data obtained from hot tensile tests have been 
used both to deterin-ine optimum hot-working conditions and to grade materials for a particular working proces. -P. 
Thus, fo-r example, in figure 7, thq ductility passes 
through a minimu. -n around 10500C and then rises to a 
maximum at around 1350*%-- after which it falls sharply to 
zero in only 75-1000C. This so called "hot shortness" is 
associated with localised melting in segregated regions 
and defines the upper limit of the working range; the lower limit is set by the critical ductility for 
successful working in a given'process. 
Variation in strain rate can alter the relative 
values of measured tensile ductility and thus the critical 
ductility at a given temperature, týough the same general form of ductility/temperature relationship remains. For 
meaningful results, specimens with a reduced gauge length 
- be used (Ref. 23. ), so that defor mus'. mation is confined 
to a volume where the temperature can be held constant. 
In contrast to tension, where deformation at high 
strains becomies localised in the necked region, very large 
torsional strains can be*applied with essentially constant 
specimen geometry up to fracture. 
Althought in torsion, the materials undergo largcr 
strains before fracture than in tension, it is hard to 
place any fundamental significance on the number of twists 
to fracture when the number is very large. For instancet it is very difficult to differentiate between a specimen 
that twists 600 times and one that twists 400 Itimes except 
to say that both are ductile. With less ductile 
materials, if the number of twists is reproducible within 
close limits then 'this number can be used as a 
quant1tative measure of ductility. 
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Metal. lurqy off warm . 
10-orminq at 4 0.6 T,. % 
Most hot. forming operations are carried out at 
high temperatures ), 0.6 T,.,, where TL,, is the irelting 
temperature in dearees Kelvin and at relatively high 
strain rates (10-ý to 103 sec-1) 
Conventionally, cold working refers to room 
temperature forming, where strain hardening occurs in most 
materials. Warm forming, by arbitrary definition, is 
carried out at temperatures less than 0.6 T,,., but above 
the ambient-tcmuerature and at relatively slow strain 
rates (10-4 - lb-2 sec-1) 
Difficulties associated with hot forming include 
scaling of material, rapid tool wear and the undesired 
grain growth that might occur subsequent to 
recrystallisation, especially if the difficulties of 
reduced ductility in cold forming can be avoided or 
minimised by using warm forming techniqucs. 
some ways, warm forming shows similarities to 
superplasticity as mentioned before. For example, the 
shape of ;., -arm forming stress strain curves, frequently 
resembles those ontained from tensile testing of 
superplastic materials. In both cases, large strains are 
achieved and grains in a superplastic material and the 
subgrains 'In certain warm formed materials remain equiaxed 
throughout deformation. 
On the other hand, it is reasonable to suggest 
that warm-forming is more closely related to creep 
conditions because of relatively high stresses and the 
more common grain size range, and the presence of a 
dislocation substructure in war. m formed metals is similar 
to that of creep specimens, whereas in superplastic 
materials a dislocation substrý; cture is absent. 
Two mechanjisms have been pr! ), 
-)osed 
for the hot 
vorking process depending on the metal in question. In Al 
and Fe, dynamic recovery is the softening inechanis-m. 
This occurs Ithrough 11-16-Ae lEorro-kation of we! 17develoced 
subgrain structures by cross-slip and climb-, as occurs in 
creep. The activation energy of hot working in these 
, 
mater4als is eaual to t-hat A"or creep and self d';. f, ': us;,,. on, 
Whilst in .; iataarials with a lower stýacking -A fault energy as Cut Ni and austentic stainless steel., the activation 
energy for softening in hot work is higher than for 
creep. For these metals t-he softening process is dynamic' 
recrystallisation. 
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There is still much discussion (RejE. 24. ) as to 
'Wli6ther recrystallisation does occur continuously and 
similtaneously during hot working,, and of Lhe alternative 
softening process, which would have to operate. For 
jexample, it is contended that in some materials 
--conventional recrystallisation occurs after straining 
ceases. 
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1.2.1. Dynamic recovery and recrystallisation 
Considerable work in recent years (Refs. 25-27. ) 
has led to an increased understanding of the -mechanism of 
hot working. The predominant softening mechanism is 
dynamic recovary. When dynamic recovery has occurred, the 
microstracture consists of elongated grains with a fine 
substructure. 
Transmission electron .,. iicroscopy shows the grains divided by . I. Islocattion sub-boundaries into subgrains with diameters in ti-. Eý order of 1 to 10 pm. Becuase this sub- 
structure rese. m. bles 'that found in cold worked metals which 
have been annealed to a static recovery structure, the 
process has beer. called dynamic recoverays 
Dynamic recovery is the main softening mechanism, 
where climb and cross sli-p of dislocations are relativaly 
easy. As a result, the misorientaltion of the subboundaries 
are maintained a4- a suff. iciently low angle so that they 
never become capable of miLgrating as grain boundaries of 
recrys tall isation nuclei., - 
In superplastity, 11--he relationship between stress 
and strain rate figure (8) can be interpreted on the basis 
of dynamiq recovery. At. 1-nich stresses deformation is 
faster and at low strasses is sio%-er than t1lat given by 
extrapolating the superplast . -i- range (Ref. 28. ). This suggests that recovery propert I the natrix are -ies of 
dependant on stre-,: -s and may '-a related to the observed 
changes in metallographic structure in each of these 
ranges, indicating that the shape of configurations of the 
second phase are an important factor. 
In the superplastic region, the second phase 
appears round and bulbous (Ref. 28. ) as in figure (9a), 
whereas at high stresses it becomes elongated, figure 
(9b) in the direction of the ACensile axis, and in the 
1igh tly s-Lressed range remains unaltered from the annealed 
configuration, i. e. angular and interlocking figure (9c). 
In cold worked materials, the dislocation 
densities are much larger and hence these-have a higher 
stored energy than the annealed materials. 
From thermodynamic reasoning, the specimen will 
tend towards, a minimuin stored elastic one--,,: -%, y under the favourable conditions of an elevated "temperature. The dislocations of like sign would tend'to stack above 
each other; a proce*ss which requires d1slocation climb and 
substantial diffusion. Vacancies that were created during the cold working operation can contribute to this process by aiding diffusion and by migrating to edge disloca'Cions. 
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When these colet-worked materials are heated up the 
di slocations and point defects introduced by deformation 
either annihilate each o1ther oi:. rearrange themselves into 
some low-energy configurations. A ccnsiderable amount of 
stored energy is then released, and the crystal softens. 
The low-epergy stable configuration of 
dislocations are called low angle boundaries and can be 
represented by a uniform'array of one or more sets of 
dislocations. These boundaries separate regions of the 
crystal which differ in orientation by only a few degrees. 
When plastically deformed metals are deformed at 
higher temperature, dislocations can glide com-pletely out 
of each grain (Ref. 29. ) so as to allow the formation of 
completely new grains of very low dislocation density; 
they have high-angle boundaries with misorientations norrially, 
more than 100. This process is known as dynamic 
recrystallisation. 
It has been suggested that dynamic recrystall- 
isation is an important component of the superplastic 
deformation of certain alloys (Ref. 30,31. ). In addition, 
it has been suggested that recrystallisation occurs in 
some co. iL-nercial alloys (Ref. 32,33. ) during at least the 
initial stages of superplastic deformation. Nbvertheless, 
recrystallisation does not appear to be important in most 
superplastic materials. 
By prolonged heating the recrystall-ised grains 
grow in size by the migration of their boundaries, leading 
to grain growtfi. When grain growth takes place, on 
-average at a uniform rate throughout t-he material, it will 
resul. t in a more or less uni. Lorm grain size. But when the 
migration is restricted to some boundaries, a nonuniform 
structure of grains will be produced this is called 
'abnornial grain growth. 
It was found that the alloying elements Present in 
the matrix affect the recrystallisation process to a large 
ext-ent (Ref. 34. ). For instance, manganese in solid 
solution was observed to be more effective in raising the 
recrystalli,. ýation temperature of aluminium, due to inter- 
action between solute atoms and high-angle boundaries 
caused by the difference in the atomic radii of Mn and Al 
atoms (Ref. 35. ). Zirconium, however, is reported to 
inhibit recrystallisation by precipitation of a second 
phase, ZrAl-), in Ithe. matrix (Ref. 336. ). The amount of. 
zirconium present is also important. 
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1.2.2. Cavitattion 
metals often fail dur, *,. ng forming 
ar ature -rdnge oE 0.3 - 0.9 Tý bc-caus-- of 
cavities' (or at grain boundaries. 
of cavities in limiting the ductility of 
realized abo-,.,., - 95 years ago by Greenwood 
Sincet, his', tinie much work has gone into 
their nucleation and gro-vt-h and also the 
which fa;.. -'ur-- is initiated. 
The gemeral features 
increasing loso of ductility 
and decreasing strain rate. 
in the temp- 
the formation oE 
The signif icance 
metals was first 
(Refs. 37-40. ). 
understanding 
mechanisms by 
of cavitation failure are an 
with increasing temperature 
Voids show a distinct preference to form on the 
grain boundaries approximately perpendicular to the Pl- 
applied stress. The onset of cavitation coincides with 
the onset of grain boundary sliding but not all boundaries 
develop ca,,, 7ities-, (Re-f. 4l. ) 
The nucleation and subsequent growth mechan-isms 
can be considered separately. .4 
- ion of - Nucleal -avities 
The oriqinýil proposa-il was that lattice vacancies 
agglomerated under the influenre of the applied stress on 
to qr-ain boundaries -2erpendic-ular to that stress. These 
vacancy g-rou=svioculd then grow by further vacancy conden- 
sation. Furner wor! (RefsA .1 12,43. ) concluded that ho, mogeneous void nucie. -tion by vacancy dif. fusion is 
impossible due to the hic:, -11 su; Do.. 1- 1. - -sa"-u-at, on or. vacaincies that is requIred. Since. al. ]. models), have assumed 
nuc" ;., %. b-- het-oroceneous and based on the grain I e, ý on to boundaries sliding and the stress applied (nef . 4,4) - 
Other worke. -s (Refs. 45,1'196. ) associated cavitaticn 
with slip lines; a. n3 intersecting s., Lp I -ine trace would cause a Jog in the grain boundary which could be oppened UP into a void by grain boundary sliding. it is argued here 
that grain bocndary joas wouid be removed by grain 
-d boundary migration or recrys, allisation. Mig' ýu ration -o ýe Prevented by sollute attem segregation to a boundary --Indf in prevent-ing -- I-elihood of cavitation mi--ration,, the lil. - vlould be increased. Transmission electron M-; %--, -o, copy showed that --he majority (75%) of voids nucleated on cus. 's in grain bound. -arries ressulting from sub-bopoundary inter- 
SOCtion (Pefs. 47,48. ). 
0 
In summaryt e:., periments have shown that grain 
boundary sliding with a not stress across the grain 
boundary is essential for the i)ucleation of cavities. 
Cavities forin on grain boundaries which are approximately 
perpendicular to the tensile axis, begin to form very 
early in the test and continue to form at a rate which is 
proportional to the strain. 
The sliding of grain boundaries causes stress 
concentrations to be set up at irregularities in the 
boundaries. These local stresses cause separation to 
occur and cavities to initiate. 
G rain boundary sliding will cause cavities to 
develop at irregularities whenever plastic flow oi 
diffusion is) not fast enough to prevent it. 
Two types of mechanisms have been invoked. First, 
steps cr- ledges in grain boundaries have been supposed 1%.. o 
result from intersection of slip traces or subgrain 
boundaries with the grain boundary. Secondly, local 
breakdown of coherency associated with precipitates or 
inpurity particles, possibly of low coherence with the 
matrix, has been suggested and removal of such particles 
increases ductility, due possibly to grain boundary 
migration which increases ductility by preventing 
cavitation. 
Cavity Growth 
Greenwood (Refs.. 37--59 ) had envisaged both 
nucleation and growth of cavities to be occurring by 
vacancy condensation at high temperatures and low strain 
rates. Growth should also be aided by local stress 
concentrations at void peripheries. 
Experimental support for the vacancy growth model 
comes from a number of pieces of work and it was also 
found that void volume was linearly related to strain at a 
given temperature and stress level. 
The shape of voids was studied by Taplin et al 
(Ref-51. ). They found that cavit. 6es were very irregular 4 in shape and they did not accept that diffusional 
processes were responsible*, They put forward a number of 
other mtechanisms: - 
(a) crack propagation from void apices 
(b) tearing 
(c) 'internal necking with enhanced inter-cavity 
sliding 
(d) grain boundary sliding 
-Is- 
7crent A further study of void shares shovied diff 
-ogether. Crystallograph types of cavities mixed ic vO. Lds 
resulting frcm dilafusional growth and irregular orriantated 
- -ions, both types cavities due Ito sliding and., on oc%-a,. 
together. 
Recently,, Dyson and Taplin (Ref. 52) derived a 
cavity growth mechanism map, figure (10). Here cavity 
growth is assumed to depend upon temperature and strain 
rate, whether it is viscous or diffusive growth. 
-ure of the rupture of superplastic The main feal 
alloys via cavitation is the extended stage of cavity 
linkage. in this casee it seents that the ligaments between 
the cavities are as resistant to internal necking as is 
the bulk material to external necking. It is clear that 
at some stage linkage begins and an autocatalytic response 
arises, giving rapid fracture with litt1e or no external 
necking. The simple model of Rogers (Ref. 53. ) figure 
(11) applied to a material containing a high volume 
fraction of cavities provides some insight here. One factor of importance may be grain coarsening. Any 
-microstructure coarsening destroys the superplastic 
properties of the material by reducing its strain rate 
tivit sensil. I. -Y. 
Thus,, two processes are occurring: - 
(1) The cavities are very slowly merging 
together and the ligaments thinning, whilst 
the strain rate sensitivity of the lijaments 
is decreasing. 
v 
At some point, rapid linkage occurs and a 
chain reaction follows. 
e6 
1.2.3. Fracture at elevated tamj)erature 
The end reSLIlt Or'. stressing a metall whether it 
flows plasticalijr or no,. --, is 4Eracture. T'he f". racture in 
deformed specimens at elevated te-mperature, is usually 
associated with the development of intergranular cracýs 
and cavities. 
In earlier studies, fracture was discussed simply 
in ternis of the linking together of cavities to form a 
crack. The propagation of such cracks was attributed to 
stress concentrations at the crack tips. 
Later on, a theory of propagation (Ref. 54. ), in 
which a crack of a few atoms wide and of the order of 100 
- 1000 OA long was shown able to grow as the result of the 
stress field generated by the piling-up of dislocations. 
The simplest analysis of interlinkage involves internal 
necking of the ligaments between the cavities. Pogers 
(Ref. 53. ) presented a simple illustratior6 figure, (11) of 
the effect of fracture centre distribution on both overall 
ductility and macroscopic necking. This is termed the 
yoid sheet mechanism. Later on, Taplin (Ref. 56. ) 
attributed the onset of fracture to the case with which 
voids are able to interlink Ito forin. a crack, capable of 
spontaneous propagation. An aspect of crack propagation 
by cavity linkage is the effect of grain size. In some' 
materials, cavities link until-the grain boundary is 
filled. If the critical Grif fith crack 1-enght is exceeded in the 
Process then failure follows. If not, then an inte-raction 
between cavity groups on different boundaries is necessary 
for crack propagation. 
This aspect was studied-by Cocks and Taplin (* Ref. 
57. ) who followed this feature of the grain size effect. 
Small grain sizes do require such an interlinkage between 
grain edges for failure by plastic tearing. At'very small 
grain sizes a different m; c'hanism is preferred. This is 
the ducti1p sheet-effect where failure is dominantly 
related to the reduced specimen cross-section rather than 
to cavity linkage. However, at these small grain sizes, the microst-ructure is not completely stable and boundary 
migration may occur to repel failure. 
In coarse grained materials, failure is a question 
of critical crack-length. in fine, grained materiafs in 
which such a critical crack cannot be formed on the given 
grain edges because they are too short, failure occurs by the ductile sheet mode. 
Cracking between cavities to lead to failure is 
not confined to simple systems. Bonisrewski et al (Ref. 58. ) showed that a three dimensional crack network between 
cavities was responsible for failure in CrMoV steel, while Tipler ot al (Ref. 59. ) working with the same alloy found that tile result-ing fracture resembled a holleycomb. 
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Bi a'x ia1 ---forming--of- sheet-m-atal 
This section providos a very brief description of 
deep drawing, stretch forming and bulging of diaphragms at 
both elevated and ambient temperatures. 
1.3.1 Deep drawing 
The simplest deep drawing process is the 
production of a cylindrical cup from-a flat circular blank 
of isotropic, sheet metal. The essential tools are shown 
diagrammatically in figure (12). The dominant stress 
system is radial tension combined with circumferential 
compression in the drawing zone, while that in the base 
and lower cup wall is biaxial tension. The latter stress 
is equivalent to a through-thickness compression, plus a 
hydrostatic tension which does not affect the state of 
yielding. Drawing failure occur-s when the central 
stretch-forrming zone is insufficiently strong to support 
the load needed to draw the outer part of the blank 
through the die. 
To improve drawability, the potential failure site 
near the bottom of the cup urall must be strengthened 
relative to the metal deforming by radial drawing near the 
cup wall (Ref. 60) and some improvement can b-- obtained by 
shifting the failure site up the cup wall. Roughening the 
punch by giving the punch nose a knurled finish, or no 
lubrication between blank and punch (Ref. 61. ) may improve 
the drawabili4ty. However, by far the greatest improvement 
comes by controlling the crystallographic texture in the 
sheet that is to be drawn. The correct texture gives t-he 
proper orientation of slip systems'sb thalt the strength in 
the thickness direction is greater than that in the p lane 
of the sheet. 
The resistance to through thickness thinning is 
measured by the r-value, the coefficient of normal 
-anisotropy. -It-Ys. given by: - 
rw ln(wo/w)/In(to/t) 
t 
ln(wo/w)/ln(wl/wol) 
Where wor lot to are the original dimensions of 
width, length and thickness'and wr 1 and t are the 
corresponding dimensions after straining, which are derived assuming that no change in voluýme occurs. If r then the material strains in ihe thicknes5 direction -in 
preference to straining in plane of the sheetj if r1 the reverse is correct, and if r than the mJ-erial is isotropic. 
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It was found (Ref. 62. ) that the r-value correlated 
very well with the material performance in a simple 
drawing operation and hence, for a given blank diameterj, a 
deeper cup would result from a high r-value material. The 
formation of "ears" at the free edges of a drawn cup is 
caused by planar anisotropy. In drawing of a cylindrical 
cup, four cars usually form in steel and alumin-Jum and two 
ears in zzinc. Earing can be directly correlated with the 
planar anisotropy, measured byAr(Ref. 63. ). 
-0 . 
Ar 
=(--0 + rgo - 2r45) /2 
Anisotropy can also influence stretch forming, 
because the distribution of. strain As. affected by the 
variation of the flow stress in different- stress states as 
well as by the strain-hardening behaviour, (Ref. 64. ). So 
in the case of bulging, if the difference between the flow 
stress under plane strain i. e., at the -periphery of t-he 
bulge and that under equi-biaxial tension at the pole is 
low, then an even distribution of strain is promoted. 
It was found by Heyer (Ref. 65. ) that under punch 
stretching conditions, with steels ranging in r, from 1 to 
stretchability was reduced as r increased. As r 
increased, the failure site moved away from the pcTe i. e., 
the strain distribution became worse. In this case, 
however, this may only be indirectly due to the. 
anisotropy, since coincident with the increase in r is an 
increase in flow stress and hence in punch-load wffy3'ch in 
turn causes an increase in friction which cýanges the 
strain distribution. 
1.3.1.1. Dee]2 drawing at elevated temperatures 
If the deformation temperature is increased the 
ductility generally increases and the lin. it of deformation 
should also increase; Dorn(Ref. l. ) showed that deep 
drawability of aluminium alloys was improved at 200*C. 
However deep drawing of superplastic materials at 
> 0.5 Tmj, poses problems because, in crder to draw in 
the flange, the material in contact with tile punch must 
strain harden, as must the material forming the cup 
walls. At such deformaltion temperature (. '. - 0.5 the 
materials do not strain-harden, and, in the absence 04. 
strain-hardening, the blank will not draw and the process 
will be similar to stretch forming. i. e., the punch will 
either pierce the blank, or, if t1he friction between the 
blank and punch nose is high, the cup walls will stretch 
and finally fail. 
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There are however, a number of ways in which the 
problem of deep drawing at elevated temperature can be 
overcome. These include: - 
The application of pressure to the periphery 
of the blank - the pressure-augmented, 
deep-drawing process. Here, the material is 
pushed into the die throat rather than being 
pulled by the punch (Ref. 66. ). It could be 
argued that this is a hydrostatic extrusion 
process and not deep drawing. 
(2) Simulation of the effects of strain 
hardening by using a temperature gradient. 
If the punch is maintained at a temperature 
below the critical forming temperature, as 
material-contacts the punch, it is cooled 
and hence its flow strength increases with 
respect to the material not in contact with 
the punch (Ref. 67. ). 
(3) The sliding velocities between the blank and 
various parts of deep-drawing tools are 
highly variable e. g. the vertical walls of 
cup slide at a speed equal to the draw 
velodity whereas the sliding speed gradually 
diminishes around the die radii and in the 
undeformed part of the flange. In 
strain-rate sensitive materials, this 
variation in velocities will give rise to 
flow stress variations and the results will 
be similar to strain hardening of the 
material. Oshita et al (Ref. 68. ) studied 
the effects of strain rate and drawing 
temperature on deep drawing of superplastic 
Zn-Al alloys but the results were not so 
good as those from the pressure-augmented 
process. 
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1.3.2. Biaxial bul2e test and stretch forming 
The biaxial bulge test, in essence, consists In 
taking a circular sheet of material, clamping it around 
its edge and bulging it by hydraulic pressure from one 
side. 
Grids of radius and hoop circles, or small circles 
or squares, are usually scribed or photo-printed on the 
blanks, to facilitate strain distribution measurements. 
Measurements of the hydraulic pressure make it 
possible to calculate the membrane stress near to the pole 
(with knowledge of the curvature and the thickness). 
Deformation of bulging is noted for giving a 
longer strain to instability than is possible in 
conventional uniaxial tensile testing, and many 
theoretical treatments have attempted to analyse this mode 
(Refs. 69-71). 
The biaxial bulge test is also an example of a 
pure stretch-forming operation, so that the strain 
hardening coefficient In' may be taken as a measure of 
stretch formability.. i. -e. the greater n, the greater is 
the thinning and hence the strqtching when the maximum 
load is attained. 
The stretch forming of a circular blank by a 
hemispherical punch, figure (13), presents a situation 
similar to that of the bulge test. This is stretching 
under bi-axial tension, with the flange securely clamped to 
provenit. the material from inoving into 'the die cavity as 
the punch descends. In this case, deformation is 
restricted to the area of the material within the die, and 
it takes place over the punch nose. 
The great drawback, however concerns the 
prevailing frictional conditions, which are related to the 
interfacial pressure between sheet and punch surface 
(Ref. 72. ). 
The end of useful straining in a stretch forming 
operation is difficult to define. Certainly with annealed 
material a maximum in the fluid pressure in the bulge test 
may signal the instability condition, but with many 
materials it must be acknowledged that some further 
straining is obtained under falling pressure. General instability conditions were first discussed by Swift 
(Ref. 73. ) and many others have done so . ince. 
Because sheet-forming is mainly a plane stress 
operation, wrinkling or compressive instability, local 
tensile instability and failure in regions of biaxial 
tensile strain may be associated with specific parts of 
the yield ellipse. 
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J" 
I str Lng was iT In't'--orest in the and of usefu.. -, ain- iade 
more quantitative by the idea of limit strains, related to 
forming limit diagrams. 11ith the help of a grid of lines 
or circles, photographed or etched on to 'Ch-, - sheet %-: 11lich is to be pressed, -a ccmbin-ation can be fou. -Id for major 
and minor strains in the plcne of the shecti w. hich at som-- 
point is critical. -A diagram constructed for a given 
metal appears as in figure (14). If at a region in a real 
pressing a pair of strains is known to be im'Dosed, then, 
if the combination falls below the critical 1; ne in the 
forming limit diagram, a pressing can be achieved with 
safety. If the point (or strain paSX) falls on or above 
the line, then changes in die geometry, lubrication or 
material are required for success. (Refs. 74-75). 
Keeler and Goodwin considered the failure criteria 
to be only affected by. tbe ability of the material to 
I -- of distribute the strain uniformly and ignored the effe ct 
material properties. 
It has been reported by Pearce (76), that limit 
strains are expected to vary with material, strain ratio, 
and the method used to obtain the diagram. Woodthorpe and 
Pearce (77) showed the effect of n and r on limit strains 
during biaxial stretching. The lai-gher The n-value the 
higher the level of the forming limit diagram. This was 
explained on the basis of increased strain hardening 
capacity helping in distributing the strain 
' 
more 
uniformly. Latert Painter and Pearce (Ref. 7a) indicated 
the effect of inclusion content and pearlite morphology on 
the level of forming limit diagrams of high-st-vength,, 
low-alloy st-eel sheets. 
The technique used to produce forming limit 
diagram has also been, found to affect the limit strain. - 
Pearce and Ganguli (Ref. 79). produced forna,, ing limit 
diagrams for a series of AU/mg alloys by both friction and 
frictionle.,., s forming. In the case of frictionless 
forming, Q-ydraulic bulging), the level of the fov.: m-ing 
limit was 10-20% lower than in the test involving 
friction. T, iey also found that the le%, el of FLD fell With 
increasing mg content in the aluminium/magnesium series of 
alloys. 
The effeclt'of the amount of prestrain was 
discussed theoretically by Dillamore (Re-AE. 80) in an 
atten. p*t to predict FLD's, according to which, the increase in prestraiin for a given inho. m. cgenei cx (f) was found tO 
produce a considerable decreasýa in 'Ithe value Of plane 
strain limit. 
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1.3.2.1. Bul! jinq at elevated temperature 
Material bulged at an elevated temperature has a 
low strength and a large Capacity for stretching. The 
application of the pressure forming or 'blowing' technique 
used in the polymer and glass industries was used in 
forming superplastic metals at-elevated temperatures 
(Refs. 81, k). In many superplastic materials, the strain 
rate range must be kept within the range appropriate to 
tile particular material. The relationship between 
pressure, strain and time should therefore be controlled, 
so that the strain rate is within the chosen range. 
.0 
Simplifying assumptions are usually used to obtain 
an approximate analysis of the process and also to 
determine the shape of bulged sheet and the distribution 
of sheet thickness. 
An analysis of bulging of a circular sheet clamped 
at its perimeter was first published by Jovane (Ref. 83) 
who assumed that the sheet thickness remained *uniform. 
Later Holt (Ref. 84) presented an analysis for bulging in 
which he considered the nonuniformity in sheet thicknesso. 
as follows: - 
The sheet is bulged to a pole height of H at a 
constant pressure, P, figure (15). An element of the 
sheet initially at a radius ro where the sheet thickness 
is the initial value tot is displaced to a radius r where 
the sheet thickness is t. The inclination of the sheet 
surface is G. 
Let ýrh be the circumferential or hoop stress in 
the bulge and let Crt be the tangen. -ial stress in the 't plane of figure 15. *. The corresponding strains are F-1 and 
F-2. Then: - 
In r/rO and i/r - 
(1) 
For equilibrium under vertical forces: - 
PO <r t (2 rr rt sin 
Pr 
2t sinG 
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Making tlie approximation that the stress and 
strain rate is balanced biaxial, then: - 
IEý2 and 0-1 
. *ý 
T2 
Equation 3 is only exact at the pole, for at the 
clamped perimeter, plane-strain ' prevails. 
The strain in 
the sheet thickness direction is given by: - 
V-3 -2 V-1 -2 F-2 _(4) 
The stress state in the sheet (from equation 3) is 
equivalent to a hydrostatic tension added to compressive 
stress, U 3, in the sheet thickness direction, where 
U3 CrI "'2 
A hydrostatic stress does not cause flow so that 
the flow equation( Fra =K t3m)can be written as if the 
Sheet'were undergoing a through-thickness, compression 
test. 
T3 K S3T3 -ý 
Combining equation (1) through(Owe get: - 
Pr K 12i M (7) 
2t sin6 r) 
r 
From equation (1) and(4): - 
t ro 2 
-E _0 
ý, 
-r) 
Substituting in equation 7: - 
pr3_ K (2iNm 
2to r02- sin'll 
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Which can be written in the form 
2r rD \1/m f2r (3/m)+l f2roý sin(5-1/m 
D2 _4MO K) k- VD) 
This equation was used to'follow the development 
of a bulge under a constant pressure. A numerical, 
iterative method of solution was adopted. The procedure 
is very similar to that used by Woo (Ref. 85). 
The calculated relationship between the mean 
tangential strain and pressure compensated time for the 
condition m=0.5 is shown in Fig. (16) (Ref. 84). The 
points on the curve were obtained experimentally with some 
pb-Sn alloy-. ' 
0 
: 74- 0- 
1.3.2.2. Stretching_ at elevated temperature 
In general sheet imetal formability increases with 
increasing temperature. However in some materials, 
deformation at elevated temperatures can give rise to the 
operationof s1treng then ing mechanisms such as dynamic 
strain-ageing, which is often expected to cause a 
reduction in ductility in unifforn stretching. In 
pract-ical sheet forning however, it might be exploited to 
give improved strain distribution, greater overall depth 
of pressing and higher final streng, th-pf thq component. 
Dornand co workers (Ref. 1) demonstrated, sCme 
thirty years ago, thalt. the deep-drawing properties of 
aluminium alloys improved substantially with increased 
-temperature up to 200*C and more recently, Taylor et al 
(Ref. 86) and Ayres (Ref. 87) have shown tensile 
elongation of. the Al/Mg alloys could be increased by 
testing at elevated temperatures and'low strain rates. 
Purther,. work of Ayres et al'(Ref. 88) has produced 
PLD's of 5182-0 aluminium alloy sheet as a function of 
punch rate and temperature, figure (17), At higher rates 
.. the level of the FLD 
is similar to room temperature 
behaviour. At 200OCr the FLD becomes a much stronger 
function of punch rate. It is also indicated that at 
130*C and 2000C. there is a tendency for the biaxial 
-portion of FLD to extend to laMer values of minor strain 
for slower punch rates, but it is not quite clear whether 
this is because of differing test conditions (i. e. strain 
path) or material behaviour at such temperatures. 
More recentlyr an attempt by Ayres (Ref. 89) to 
form an oil pan from 51841-0 alurninium alloy at 180*C and 
1301C was made. He examined the strains i; critical 
regions, zones 1,2 and 3 in figure (18); the minor and 
the major strains from those regionswere plotted in 
figure (19). 
-The strains at regions 1 an,,,. '. 2 were lower than the 
ambient FLD, while region 3 showed a marked increase of 
strains. The locus shown of 9-3 =. O indicates the border 
between sheet thickening and thinning. At these elevated 
temperatures the flange was able to thicken to such a 
degree that quite large strains are achieved. 
A report by Willis (Ref. 90) shows a hot hydraulic 
bulge test, 'carried out at 200*C. He concludes that 
higher temperatures reduce the forming pressure and 
improves the depth of draw, figure (20). 
0 
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Chapter II 
Materials and experimental techniques. 
cl 
Materi, als and ext)cri-mental techniFvop 
1 .a ta ra1s 
Ten grades of commercial sheet aluminium/magnesium 
alloys containing between o and 6.6'Z. magnesium as the 
major 
a11017 
i 
ng element were used for this investigation. J2 
our designation, the nominal composition, the hardness and 
sbeelt thickness are shown in Table 1. The chemical 
composition of io mg and 4 Mg groups are given in Table 2. 
2.2. 'Experimental techniSlues 
The following tests were used to evaluate and 
understand the warm formability of the alum in. tun, /magnes ium 
sheets: - 
(1) Uniaxial tensile tests 
(2) Hot biaxial stretching using a solid punch 
and a gas bulge forming 
(3) Microstructure examinations. 
2.2.1. Uniaxial tests 
Standard 50 mm xx 12.5 mm gauge-length tensile 
specimens were machined, all in the original shect rolling 
direction. 11"he machined specimens were solution-annealed 
at temperatures and for the periods shown in Table 3, in 
an air circulation furnace, its temperature cont-rollad to 
+ 5'C. The specimens were deformed to fracture in an Ynstron 5000 ;., g tensile testing"machine, using a range of 
testing temperatures (20* - 3#000C) and cross head speeds (0.02 - 25 nmi/min. ). The heating of specimen-. during 
testing was carried out using an air circulating oven 
specially designed to fit on the Instron machine. 
Specimen temperature was directly measured with a 
thermocouple tied to the c-_n4%. Je of the spcc- Imen. After the test temperature had been reached, the spacimen vias held for about 10 minutes before pulling. After fracture, 
the speciitien 'was rapidly cooled in water. . The tes%,. s were conducted from room '%--nipera%.. ure to 3000C. 
Strain measurement was calibrated between strain 
in the gauge section and crosshead t. ravel, using several 
specimens after given ariount of cross head travel. 
Measurements of the strain rate sensitivity index 
m from the equ, M ýtion 0-= K ji, were made by deformiýg 'geveral specimens at '"he rate & tempera-tur. e-inves I. gated vfter 
given amounts'of strain. Esecause m depends on strain all 
values were determined between eng-ineering strains of 30 - 40%, this ensures that the effect of strain on all , amples 
would be the same. 
, -42- 
After deforming each sample to 30%j, the cross- 
head rate was altered by a factor of two to obtain a value 
.4 of n. by using the equation: - 
log P? I/PB 
109 V2/Vl 
2.2.2. Hot pressin2*tests 
The hot stretch-forming machine, using fully 
clamped blank and a 50 imn hemispherical punch, is shown 
schematically in figure (22). The punch, die plate and 
clamping plate were heated by electrical cartridge 
heatersy each heater consists of an outer Inconel 
cylindrical tube, inside which is a precisely wound and 
spaced resistance wire. For the die plate. and clamping 
plate, the cartridges are inserted with a radial 
arrangement figure (23) into a stainless steel block 9 in. 
diameter and 2.5 in. thick. 
In order to minimise the loss by conduction, the 
area of the stainless steel discs in contact with the 
press was reduced by the removal of an annular volume of 
metal from the underside of each disc. This volume was 
fitted with refractory Kaolin wall. The punch head was 
heated by a single, non-standard cartridge 9 in. long and 
1 in. diameter, the details of these parts are given by 
Barrett (. Ref . 91. ) 
This test was carried out on Al/2.2% Mg and 
A11/6.6% Mg alloy sheets in three different tempers - hard 
rolled,, partially annealed and fully annealed. 
The sheet thickness of deformed cups, at various 
distances from the pole, was measured directly with a 
Point-ender! micrometer to find the strain gradients into 
the cups. 
2.2.3. Hot bulging tests 
Blanks 150 mm in diameter were bulge formed using 
the hot bulging rig shown in figure (24). 
it was first decided to use the Mand hydraulic 
bulge tester, and heat the oil around the sheet by an 
electric coil, but local heating of the oil and sheet blank led to unsatisfactory results and so a gas employed. 
The hot bulging consists mainly of a bottom diet 
with a central aperture diameter of 5 mn for the gas inlet 
and six studs, each 3 r. -n in diameter, for-specimen 
clamping and a top die with a large central hole, as shown in figure (24). 
The pre-holed sheet speci 
the two dies, and the whole unit 
circulation oven. The unit is th 
desired operating temperature is 
thermocouple located on the sheet 
point the chosen gas pressure is 
continues until fracture. Argon 
men is clamped between 
is inserted in an air 
en heated until the 
-ed by reached as indict. 
specimen and at this 
applied and bulging 
was the gas used. 
After testing, bulge heights were measured, then 
the bulges were sectioned in the diametral plane, figure 
(91), to study the thickness distribution. 
2.2.4. Microstructure examinations 
The major techniques employed in surface study 
were optical metallography, transmission electron 
microscope and scanning electron microscope. 
optical microscope 
After testing the specimens were rapidly quenched 
in water to minimize the structural changes immediately 
after testing. The qrids on the specimen surfaces enabled 
samples to be cut which were deformed to different known 
strains. 
Microstructures were obtained from samples of 50%, 
100%, 200% and 250% elongations, additionally, --amples . 
were taken from grip ends to study and compare the effect 
of static annealing. 
The samples were mounted, polished and etched in 
the usual ways, using orthophosperic acid as the etching 
solution. 
Transmission electron microscoDv 
Samples were cut, near to the optical specimens of 
200% elongation, using a sparj'%- machine to avoid the 
excessive deformation of mechanical cutting. This was 
done by making the sheet specimen the anode and the 
cutting tool (a2r. jn diameter cylinder) was made the 
cathode. A small gap about: one millimeter was left 
between the cathode and anode, both electrodes were 
usually immersed in a dielectric such as Kerosene 
(Paraffin) to prevent- a continuous discharge build up and 
to stabilizze the spark (Ref. 92. ). 
Material is removed when a spark-is struck between 
the tool and the specimen. Deformation of the specimen is 
limited to the region close to the -park, melted area. 
-64- 
'The disc specimens were then mechanically polished 
on both sides using emery papers and a mounting polisher, 
to reduce the ir - thicknesss down to 120 pm ready for the final clectropolishing thinning process to produce a final 
foil suiltable for electron transmission microscopy. A 
Struer polishing machine with a photo cell was used for 
this purpose. 
To proJuce a thin foil by electropolishing 
suitable for electron transmission, the criterion usually 
employed is that, as soon as a few tiny holes appear the 
areas near them are thin enough for examination. This is 
becuase it is normally difficult to measure a foil 
thickness of 200 - 2000 ý. However, if electropolishing 
is carried on after the appearance of the holes, they 
become rounded and the thin regions are lost. The 
decision when to stop polishing was made automatically by 
the functioning of a photo cell. 
An electrolytic system of ethyl alcohol, 
perchloric acid and glycerol in the proportions 7: 2: 1 
-able at 200C to reveal the microstructure. were found suit 
A potential of 30 volts and a current of 0.1 amperes were 
employed. The thinned discs, with central holes, with 
-appropriate areas 
for electron transmission examination 
were washed in ethyl alcohol before examination in the 
electron microscope. 
Scanningelectron microscopy 
The fracture surfaces were first degreased by 
washing for 5 minutes in a bath of nGrammosole" placed on 
a vibrator. The specimens were then mounted on stubs and 
studied using the Cambridge Instruments Stereoscan MK. I., 
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MATERIALS AT ELEVATED TEMPERATURE. (REF. 91) 
Machine Assembly Control Cabinet 
A main base plate 
main ram 
spacer supports 
D secondary base plate 
-E primary clampint rams 
F vertical support rods 
G intermediate moving plate 
H fixed top plate 
j intermediate water cooled 
plates 
K hot plates 
a push button control 
(punch). 
b push button control 
. (clamp) 
c pilot operated check 
valves 
d mains 3 phase control 
e proportional controllers 
(heating) 
f flow control valve 
g pressure gauges 
h mains control (heating) 
r pressure reducing valve 
L clamping plate 
M die plate 
N load cell 
P Punch 50. qLa dia 
Q ram piston. *- 
s solenoid operated 
-directional valves 
- bed X-Y recorder xf lat 
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Cha]2ter III 
tal results Ex)2erimen'. ' 
Three distinct groups of results are shown in this 
chapter. 
(1) Conventional uniaxial tensile test results 
(2) Hot biaxial stretching test results from a 
solid punch and gas bulge formings/ 
(3) Metallo. graphic examination for Al/6 Mg 
sheet. 
3.1. Uniaxial tensile tests 
Results of tensile tests are firstly given for 
each alloy composition independently, then the possible 
combination of different groups are also presented. 
3.1.1. Commercial Purity aluminium 
Results using commercial purity aluminium (0 Mg) 
are given in figures (25) and (26). As shown in figure 
(25) the elongation present has little increased with 
increase in test Itemperature up to 2000C whereafter the 
elongation decreased again for all strain rates. 
10-4 
Decreasing the initial strain rate from 0.83 x 
sec 1 to 4.67 x 10-4 sec-1 has produced little 
increase in the elongation present at testing temperatures 
up to 2000C, but on further heating the elongation 
properties have decreased again . 
Plots of the strain rate sensitivity index m 
agýinst testing temperaturp are shown in figure (26) for 
C=8.3 x 10-3 4 sec-1 JZ=1.6", x 
10-3 sec-1 and 
t=4.67 x 10- sec-i. The values*of m are relatively small. However, the general feature sh6-ws the dependence 
of m on testing temperature and strain rate. Furthermore, 
at Eigher temperatures the m values show a little 
decrease. This trend is in-consistent with the elongation 
against temperature curve (Fig. 26. ) 
3.1.2. Al - 2.2% Mg alloys 
The results of this alloy are given in figures 
(27-32). Figures (27-30) show the effect of tesl%. -. ing 
temperature on tot-a! elongation at different initial 
strain rates Ifor all the three annealing conditions - 2 Mg(56),, 2 Mg(73) and 2 Mg(74). These graphs indicate 
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that,, the total elongations are significantly increased by 
a temperature rise of 3000C and/orJecreasing strain rates 
x1 -5 sec -1). (from 8.3 x 10-3 to a., 0 
The graphs show the strong dependence of m value 
on test temperatures and strain rate. Furthermore, the 
high m values for the half-hard condition is consistent 
with The curves of elongation versus temperature 
(figs. 27-30). 
3.1.3. Al - 3% Mg alloys 
The results for this alloy are given in figures 
(33-34) for the annealed conditions. 
As. shown in figure 33., the elongation present has 
markedly increased with increasing the test temperature or 
decreasing the, strain rate. At the highest temperature, 
3000C and lowest strain rate 1.67 x 10-4 sec-ir an 
elongation of,, -170% was observed. 
Plots of strain rate sensitivity index m against 
test temperature are shown in figure 34, for various 
strain rates. The values of m have increased in a way 
corresponding 
, 
to the increase in elongation with 
temperature and strain rate curves. 
3.1.4. Al - 4.4% Dig alloys 
The results for these alloys are given in figures 
(35-44). Figures (35-38) show the effect of testing 
temperatures on total elongation at different initial 
strain rates for all the three different material 
conditions, 4 Mg(64), 4 Mg(84) and 4 'Mg(134). These 
graphs indicate that the total elongations are strongly 
effected by temperature rise and decreasing strain rates. 
At the highest temperature, 3000C and lowest strain rate 
1.67 x 10-4 sec-1, an elongation of more than 200% was 
obtained from sheet in the hard-rolled condition. 
In case of a fast strain ralte - 8.3 x 10-3 sec-1 
the fully annealed 4 Mg(64) is the most ductile at room 
temperature, fiqure (39). At slower strain rates this 
ductility has gradually decreased to lower values relative 
to the hand-rolled 4 mg(134). At test temperatures higher 
than 15011c,, the. hard alloy became the most ductile. 
Figure (39) shows typical 
the 4 Mg(134) condition defoArmcd 
on the left is an undeformed oner 
were deformed at 300*C and strain 1.67 x 10-3,4.17 x 10-4 and 1.67 
respectively from left to right. 
deformed-specimens of 
at 3000C. The specimen 
the other four specimens 
rates of 8.3 x 10-31 
x 10-4 sec-11 
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The specimen of the slowest strain rate 1.67 x 
10-4 sec 1 was stopped at 200% before the fracture due to 
the size limitation of the oven used. 
Figure (40) shows other typical deformed specimens 
of the 4 Mg(64) condition, deformed*at diffeýent 
temperatures 20,11.50,200,250 and 300*C respectively Afrom left to right. All specimens were deformed at the same 
initial strain rate of 4.17 x 10-4 sec-1. 
The change of failure type cýn here be detected. 
The sheer fracture at low temperatures has changed to a 
fractured diffuse neck at higher temperatures (250*C and 
3000C). 
Figure (41) shows m value versus elongation for 
the three temper conditions [4 Mg(6.4), 4 Mq(84) and 
4 Mg(134)] at various temperatures and strain rates. 
Again, high m values mean high elongation. The curves of 
Lee and Back-ofen (Ref. 76) and Wcodford (Ref. 97) were 
replotted on this graph, to show, the correlations between 
superplastic material and commercial Al -! Mg alloy. They 
are in reasonable agreement with each other. 
Figures (42-44) show the variation of elongation 
with the strain rate. Figure (42) shows elongation versus 
initial strain rate for the 4 Mg(64) alloy. For 250*C 
, 
and 
300*C, the values of elongation showed an optimum strain 
rate. The elongation decreases rapidly towards the higher 
end of the strain rate and smoothly towards the slower end 
of the strain rate. 
At higher initial hardness [4 Mg(134) and 4 Mg(84)],, the overall level of elongation is considerably higher than for the soft condition (figs. 43,44) The 
optimum strain rate could not be achieved, probably because of limited strain rates available. However, the 
results show a rapid decrease in elongation towards the higher strain rate end. 
3.1.5. Al - 6.6% Mg alloys 
The results of these alloys are given in figures (45-54). The figures (45-48) show the effect of testing temperatures on total elongation at different initial 
strain rates for the three different material conditons, 6 Mg(84)r 6 Mg(105) and 6 Mg(153). These graphs indicate that the total elongations are significantly effected by temperature rise and decreasing strain rates. This effect 
seems to be stronger than in the case of 2 Mg and 4 Mg. 
At the highest temperature, 300*C, and the two 
14 lowest strain ra'Ces 1.67 x 10-4 and 4.17 x 10*u sec 
elongations of more than 200% w, ore achieved in 6 Mg(153) 
and 6 Mg(105). Again these two tests were stopped before 
fracture at. 200% elongation due to the limited. size of the 
oven used. 
Generally, the decrease in strain rate or increase 
in temperature leads to a significant increase in total 
elongation. values for annealed materials, that showed 
the higher elongation at room temperature showed lower 
elongations. at > 200*C, figures (47,48). 
Typical deformed specimens of 6 fig alloys are 
shown in figures (49) and (50). Figure (49) shows the* 
effect of strain rate on_6 Mg(105) deformed at 25011C and 
strain rates of 8.3 x 10 3,1.67 x 10-3# 4.17 x 10-4 and 
1.67 x 10-4 sec-11 respectively from left to. right. The 
effect of increasing temperature is shown in figure (50) 
which illustrates that there is a systematic increase in 
elongation with increasing temperature. A distinction 
cant however, be shown in the mode of fracture, which 
changes from, shear fracture to a -diffuse neck . as the temperature rises. Figure (50) shows 6 Mg(84) deformed att 
25,150,200,250 and 300*C. 
The results of heat treatment process, i. e. water 
quenching and furnace cooling are shown in figure (51). 
The water quenched specimens showed higher values of 
elongation at temperatures more than 1800C. Figure (51) 
also clearly illustra*tes the variation of elongation with 
strain rate. At low strain rates (4.17 x 10-4 sec-1) 
elongation is vqg high values, whilst at higher st. ain, 
rates (4.17 x 10-- sec-1) the elongations became nearly 
the same for all testing temperatures. 
Figure (52) shows the effect of temperature on m 
value for 6 Mg(153) alloy at three different strain 
rates. It will be seen that m=0.34 for the lowest 
strain rate and the highest temperature. 
Figure (53) shows elongations versus m- values 
for 6 Mg(84)r 6 Mg(105)*and 6 Mg(153)j, at various 
temperatures and strain rates. Higher m values mean 
higher elongations. 
Figure (54) shows the variation. of thickness along 
the central axis of uniaxial tension test-specimens of 
6 Mg(34) and 6 Nalg(153) deformed to failure at 300*C. In 
addition, the variation in the hardness after forming is 
shown on the same graph. The final hardness was 
approximately*the same in both alloys no matter what 
strain the metal is subjected to, or t-he degree of 
cold-rolled it started with. 
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Turther tensi%L-)n tests on Al -6 Mg,, cold-rolled at 
various amounts, gave the data shown in figure (55) where 
-it can be seen that Ithere is an ' 
optin. um degree of cold 
work, in this case about 30% cold reduction. However in 
these tests a change in thickness was unavoidable where 
-cold working has been carried out by rolling and this has 
not been taken into account. 
3.1.6. Results from all tests 
r-rom the results of all- the tests on all these 
Al/Mg alloys, plots of elongation versus test temperatures 
are shown in figure (56), for the annealed conditions. 
This shows that the total elongation of 0 Mq(25) is not 
significantly affected by a temperature rise of 2750C but 
the other three alloys showed about a five-fold increase 
and the higher the magnesium content, the higher the 
elongation. 
Figure (57) shows the effect of initial strain 
rate on total elongation. Again 0 Mg(25) is virtually 
insensitive, whilst the three Al/Mg alloys all. show 
increases in elongation with decreasing strain rate. 
Figure (58) shows the effect of initial hardness 
of 4 Mg and 6 Mg alloys on elongation percent. It can be 
shown that the in 
, 
itial hardness decreases the elongation 
at lower testing temperatures up to 200*C,, whereas it 
i. ncreases the elongation at more than 2000C. 
Figure (59) shows the relationship between 
elongation and m value for all'alloys tested. This, 
indicates the sTrong correlation between m and elongation. 
I Figure (60) shows-the effect of nominal m, --gnesiu! -,. 
content on the maximum flow strength, defined as PraaxAO 
where Pmax is the maximum load in uniaxial tension, 
-usually reached in these tests at strains Z=. 5% and Ao is 
'the original cross sectional area of the specimen. Here 
-flow stress rises with addition of alloying elements as 
would be exoected. 
In figure (61), 
* 
the fall in stress with 
temperature for 6 Mg in all conditions together with the 
results of Matsuki et al (Ref. 85) for their superplastic 
Al/6 Mg alloy is shown. 
This demonstrates that the warrm forming' 
deformation process requires considerably higher stresses 
than does genuine superplasticity even though a, judiciously dotted-line connects Matsukils result to this 
result in a reasonably smoot-Ii manner. 
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3.2. Experimental results in biaxial stretch forming 
Al/2.2% Mg and Al/6.6%. V, g were chosen for sonic hot 
punch stretching and bulge forming tests to bridge the gap 
between laboratory tensile testing and production of 
pressings. Hot punch stretching tests using a 50 mm 
diameter hemispherical punch lubricated with PTFE film 
were carried out over a range of temperatures (20 - 300*C) 
and punch speeds (1.27 - 25 mm/rainute) by courtesy of the 
Department of Industrial Metallurgy,, University of 
Birmingham. 
1 
3.2.1 . ReSLIltS of Al/2 . 2% Mg alloys 
The results for 2 Mg(56), 2 Mg(73) and 2 Mg(74) 
are presented in figures (62-66). Figure (62) shows the 
change in punch height at fracture h* with-test 
temperature; the large increase in maximum cup height h*j 
between room temperature and any of the test temperatures 
(150 7 300) is apparent. Secondlyr the strain rate 
effect, apparent in tensile test, is apparent here. 
Thirdly, as in the tension test, the initial, cold-rolled 
condition of the sheet is important. The data of figure 
(62) was replotted for both hard-rolled and annealed 
conditions in figure (63)*. 
In cold-rolled metal, h* is low at low temp- 
eraturesr however, -, the increase of h* with temperature is 
quite rapid and at the highest temperatures used (300*C), 
it becomes markedly higher than that of the equivalent 
condition in the annealed material. 
The effect of temperature on the thickness distri- 
bution across the pole of the failed bulge ' 
in the annealed 
case 2 Mg(56) is shown in figure (64) as Ithe temperature 
increases the', pole strain and the general strain level 
rise and become a single, fairly flat, peak. 
The effect of punch speed is shown in figure (65). 
As the speed is decreased, so h* and. the general strain 
level increases and the peak of the strain gradient 
becomes flatter. 
The influence of temperature 
further demonstrated in figure (66), 
strain (el %) at the pole'is plotted 
temperature for three punch speeds u 
increase in limit strain occurs when is increased from 20 to 3000C. 
and punch speed is 
here, the major 
against the test 
sed; a four fold 
the test temperature 
The strain rate in the hemispherical punch 
stretching was assessed on the basis of time required to fracture as shown in table (4). Figure (67) indicates the 
relationship between cup height (h*) and strain rate; the 
range of strain rates used in tensile tests compared to 
that of punch stretching are also shown in figure (67). 
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3.2.2. Results of Al/6.6% Mg alloys 
Results using 6 f.,, Ig(86), 6 Mg(105) and 6 Mg(153) 
are shown in figures (68-79). 
Figure (68) shows the change - in h* with test 
temperature. In agreement with the previous test on 2 Mgt 
h* increases from 1500C to 3000C. 
Here the strain rate effect gave an optimum punch 
speed which depended on the prior annealing conditions. 
Generally, the annealed 6 Mg(86) showed the largest h* at 
2500C, and at an intermediate punch speed of 5 mm/minute. 
However, in 6 Mg(153), the increase in h* with 
temperature is rapid and affected by decreasing the punch 
speed, as in the tensile tests. 
Figures (69,70 and 71) show the thickness and 
hardness variation across the pole of the the punch test 
specimens of 6 MG alloys in the three temper conditions, 
deformed at 3000C and a punch speed of 25 riun/minute. In 
the annealed conditions 6 Mg(84), the hardness in the 
highly strained polar region decreases to about Hv = 60# 
whereas both 6 Mg(153) and 6 Mg(105), the final hardness 
is approximately uniformt regardless the extent of 
deformation. 
Figures (72-75) shows the effect, of radial strairi 
distribution as a function of temperature and punch 
speeds. As the temperature increases the pole strain and 
general strain level rises. The effect of temperature on 
thickness strain distribution across the pole of a cut) is 
shown in figure (76), apparently the increase in h* is due 
to the increased polar strain at higher temperature. 
Figure (77) shows the influence of punch speed on h* and 
on the thickness'strain distribution at 2001C. 
'Figures (78-79) shows typical 6 Mg hot, pressings. 
Figures (78a) and (78b) show the elevation and plan of 
five cups tested at 25,150,200,250 and 3000C and punch 
speed 5 mm/minute. The influence of temperature rise on 
the height is very clear. 
Higher temperatures also tend to reduce the fracture length and change its direction relative to the 
rolling direction. At lower temperatures (50 - 1500C) the fracture was perpendicular to rolling direction, whilst at 
higher temperatures (200 - 300*C), the fracture is very 
small and in the rolling direction. 
Figure (79) shows the elevation and plan of three 
cups 6 Mg(153) tested at the same temperature (25011C) and 
punch speeds of 25,5 and 2.5 mm/minute. Slower punch 
speeds improved the depth of draw and also tend to decrease the fracture length. 
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3.2.3. A comparison between 2 Mg and 6 Mg hot pressin2s 
A comparison betw-cen the strain gradien-14-s across 
the poles of fractured 50 mm cups, is shown in figure (80) 
for 6 Mg(86) and . 2.1 MIg(54) at a test temperature of 3000C 
and a punch speed 25 mm/minute. The 6 Mg alloy gave a 
more uniform, higher strain level and deeper cupt than the 
2 Mg alloy, the cup height was 30 mm for 6 Mg and only 
25mm for 2 INIg alloy. This-behaviour, however, was not 
apparent at the slower punch speed of 1.25 mm/min (and 
300*C), as shown in fig. (81)*. Here, 6 Mg gave a slightly 
lower height (29.3 mm) than 2 Mg (29.7 mm). 
Figure (82) shows the cup height at fracture for 
both 2, Mg and 6 Mg alloys as a function of punch speed and 
test tempertures. This gives us a broad picture of the 
forming behaviour of both alloys. In general, cup heights 
in 6 Mg are seen to be superior to those in 2 Mg over the 
temperature range 20 to 3000C. This superiority is most 
noticeable at 25 mm/min. where, at the same temperature, 
h* for 6 Mg is approximately 20% greater than 2 Mg. 
Relationships between cup height, h*j and the 
corresponding tensile elongation and m value are shown in 
figures (83) and (84) for both alloys-and a combination of 
these figures is given in figure (85). These graphs 
indicate the general connection between h*j m value and 
total elongation. It is apparent that m is Ehe dominant 
parameter in controlling the ductility and cup height, 
high m, giving high h*. 
3.2-4. Results of hotbulging tests 
Thickness distribution across the poles of hot 
bulges are shown in figures 86,87 and 88 for the three 
different alloys 0 Mg(25)j, 2 ', Ig(56) and 6 Mg(84) 
respectively. All tests were carried out at 3000C using a 
gas pressure of 1.03 x 106 Pa (150 p. s. i. ). 
Figure (86) shows that the minimum thickness for 0 
Mg-alloy is 0.9 mm, which i's much larger than that for the 
2 Mg alloy ( 0.38 mm) and 6 Mg alloy ( 0.33 mm). This 
result is emphasized is figure (89) where. true thickness 
strains, C^ = ln to/t, are plotted as a function of current 
distance fro-in the pole. Here the strain level of 6 Mg is 
higher and more uniform than those of 0 Mg and 2 Mg, with 
a maximum true stain of 1.22 for 6'Mg, 1.07 for 2 Mg and 
0.52 for 0 Mg. 
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Specimens of 6 Mg were tested at 2500C, 300*C and 
350*C, -and a constant pressure of 1.03 x 106 Pa. plots of 
thickness strain against projected diameter of the bulge 
are shown in figure 90. The maximum Gtrain obtained 
increases as the test temperature increases to 3500C, but 
the bulges at the lowest temperature (2500C) show more 
uniform strain distribution. 
The rupture time decreased rapidly as the test 
temperature increased. At 350*C, the rupture time was 5 
minutes, at 3000C 20 minutes and at 350*C 80 minutes. In 
each test, the measurement of bulge heights as a function 
of time showed that bulging rate is high at the beginning 
and end of the test and slow in the intermediate stage 
Figure 91 shows a typical complete bulge before 
sectioning. Figure 92 shows the effect of increasing 
magnesium content on the bulge height of a.. test 
temperature of 300*C and 1.03 x 10 Pa. 
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3.3. Disccussicn 
3.3.1. Unia;:. LC-ll tens ile tests, 
The aim of this work was to investigate the 
A 1% ductility of an ', -L/iMg alloy series at elevated temperatures. Uniaxial tensile tests were carried out, 
sinýe they are the easiest tests to give a ready 
indication of a metal's ductility. 
_ 
The results show that with the Al/Mg alloy series 
0 6.6% Mg, the alloys with the higher I'Vig content have 
higher ductility as the test temperature increases to the 
so called v-arm-fEorming. temperature (,,, '0.6 Tm). 
The two inost important parameters governing 
ductility are the strain rate and the test temperature, 
but the initial temper is also relevant. . 
The change in dimensions of' the test piece during 
extension means that the strain rate is continually 
changing, unless a controlled rate of cross-head movement 
is used and a flarther change in strain rate occurs with the 
onset of necking, which usually begins at an elongation of 
about 10%, generallv much less than the total strain 
achieved (^. 2001b); 
The ductility dependance on temperature and strain 
rate presented in this workr shows that the higher 
temperature and slower strain rate always give higher 
ductility in all materials tested except 0 Mg which was not 
'- temperature significantly affected by increasing the tes.. 
in fact, at 4Cemuer-ntures ;;, 2500C., the elongation 
decreased. r. "his is Probably due to grain growth, which 
would adversly affecý the ductility. : Fleck et a! '%Ref. 93) 
has shown that tensile elongation at elevated temperatures 
shows a dependence on grain size. 
Tests on alloys containing M. g at elevated temperaturcs showed a large increase in ductility; 
elongation of /-160% in 2 Mg alloy and 'ý 200% in 4 Mg and 
6 Mg alloys were easily obtained, approaching the lower 
1iinit of superplastic materials. The general effect of 
solid soluticn alloying is the increase strength, as shown 
in f igure (60) ahere increasing Mg leads to an inc-, ea-. -,. -- in 
the flow stress of the alloy. Also,,, alloying generally 
decreases ductility; but this effect is more pronounced in 
materials where recrystallisation is the softening process 
(Ref. 94), in view of the more mar'ked effect of alloying 
on recrystallisation than on recovery (Ref. 95). This will 
be discussed 'later, wýen examining the deformation 
mechanism operating from, an analysis of the results of 
Optical and electron microscopy. 
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With regard to initial alloy temper conditions, it 
was found that -he soft temper was most ductile at test 
temperatures up to 2000C, whereafter the hard temper 
showed bett-Iter results. The roason for this behaviour 
could be the greater dispersion of the second phase in a 
hard temper than in an annealed alloy*. There is some 
evidence that ductility can be improved by having a 
dispersion of fine coherent particles which restrain grain 
growth and restrict crack propagation (Ref. 96 ). The 
same explanation could be applied in-the observed higher 
ductility of as-quenched alloys than the annealed alloy, 
ý; ee figure (51 ),, for here the rapid cooling supresses the 
precipitation of the A phase so that the alloy exists at 
room temperature in a supersaturated condition; 1.1 -hen fine 
dispersion of 8 phase precipitates during heating. 
The effect of strain rate sensitivity m was very 
strong in these tests. The m value increased with an 
increase in the test temperature or a decrease in the 
strain rate and a good correlation has been shown to 
exist between m value and elongation figure ( 59 ). A 
similar relationship is shown in most superplastic 
materials (Ref. 97 ) and this emphasizes that m is, an 
important parameter in warn, forming in a similWr way to 
superplasticity. m describes the capacity of the metal. to 
resist necking; a. high m value giving an increased 
resistance 44-o neck groWt-h. Physically this is due to the 
local increase in strain rate in the developing neck 
causing an increase in the stress necessary to continue 
necking, the higher the strain rate the greater the 
increase in stress. The applied stress is then 
isufficient to propagate the neck without the remainder of 
the specimen continuing to deform plas-, ically. Such 
limited neck growth has been confirmed by several 
observations, in particular those of morrison and Wray 
(Ref. 98,99) who showed; in superplastic materials, that 
several necks could slowly grow simultaneously before one 
finally predominated. 
3.3.2. Biaxial press-stretchinq at elevated temperatures 
Uniaxial tests have shown. large elongations at 
elevated temperatures, so it is expected that cup heights in biaxial tests would also be enhanced. 
High m values would be expected to produce a more 
uniform strai-n distribution and this was seen as in the 
tensile tests, at slow strain rates and/or high 
temperatures. 
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I 
, -The strain rate 
in the hemispherical punch 
stretching can be assessed on the basis of time required^ 
to fracture (tf) and the thickness strain at the pole 
(Et). 
Then' Ct; 
tf h*/V 
where h* is the cup height and 
V is the punch speed 
Then LV q- T-V - 
Table 3 shows the strain rate calculations 
according to the above analysis. Figure (67) shows the 
effect of strain rate on cup heights. This indicates that 
strain rate has a large influence on cup height - IChe 
slower the strain rate the higher is the cup height, h*. 
This behaviour is very similar to that of the tensile 
tests of the same Alloy, i. e., it was found that h* was 
also dependent on strain rate and temperature. A large 
increase in h* was achieved as the temperature was 
increased or the strain rate decreased. However the 
strain rate used in tensile test was slightly slower than 
- 
that of hot pressings, see figure (67 
As in the tensile 
: p4eet was important, i. e., 
did 2 Mg(56). 
tests, the initial temper of the 
2 Mg (73) gave a larger h* than 
The biaxial hot pressing of-6 Mg-alloys did, 
however, show some contradictions tO the tensile test 
results. For example, h* was not strongly dependent on 
-strain rate. It seems that there is an optimum strain ýrate and temperature for each temper'condition. This may 
be due to the planar anisotropy - high in cold worked 
. 
alloys - which caused the cups always to fracture along 
the rolling direction, especially in the high-teniperature 
tests. Most tensile tests in this work have been carried 
Out in the rolling direction, however a small number of 
tests by Painter (Ref. 100) in the tra'llerse direction have 
shown lower elongation in the transverse direction 
particularly at temperatures ý;, 250*C (. figure 21). Thus it 
could be t1lat tensile elongation in the transverse 
direction is the controlling factor for h*. 
'The variation in cup heights aL fracture showed 
that at temperatures up to 250OC', 6 Plg(84) gave deeper 
cupst than the other t%. o alloys 6 Mg(105) and 6 Mg(153). 
At temperatures between 2501C and 3000C, all conditions 
gave similar rcsults. This suggests that the temperature 
at which 6 Mg(153) is bett-er, would be m. ore than 300"C. 
Since no max.;. -muin height h* was obtained for 6 Mg(153) 
whilst 6 Mg(84) showed maximum at 2501C then decreased at 
300*C, see figure (67). 
Comparing the thickness strain distribution of 
2 Mg and 6 1,19 alloys at a punch speed of 25mm/min. and 
3001C., annealed 6 Mg(84) gave a more uniform strain 
distribution and deeper cup than 2 Mg, but at a punch 
speed of 1.25 mm/min. the situattion was reversed. 
In general., though, the stretching behaviour of 
6 Mg alloys is better than 2 Mg, it shows in general a 20% 
increase in cup height above that for 2 Mg, particularly 
at the highest punch speed. 
le m value and h* A cojitiparlson between the tensi- 
indicates that the m value can be used to assess the 
deformation behavio7ur under biaxial conditions, with 
higher m values giving higher cups. 
3.3.3. Biaxial bulge stretching at elevated tem]2eratures. 
The experiments discussed here demonstrate the 
potential of hot bulge forming using compressed gas for, 
0 Mg(ý5),, 2 Mg(56) and 6 Mg(153) alloys. These alloys 
were bulged to fracture at the same temperature 3000C, and 
a pressure of 1.03 x lOG pa see figure 89. The polar 
thickness strains observed in 6 Mg alloy were higher than 
those for 2 vIg and'O Mg,, 6 Mg also showed higher bulge 
height 6., 2 cm. compared to 2 Mg, 5.2 cm. and 0 Mg 3-7. 
The instantaneous strain rate varies during 
deformation, although a theoretical treatment by Cornfield 
and Johnson (Ref. 101) predicted that for a metal with m 
value Z. O. 3 the surface area strain--rateJA for a bulge 
dt 
under constant pressure is approximaltely constant when'h/q 
is between 0.1, and 0.45. Some experimental verification 
Of this was made by Cocks- et al. (Ref. 1*0Z ) using a 
superplastic copper alloy, they found that, broadlylthe 
Sýrain rates during bulging wo-re high at the beginning 
(h/D <0.1) and at the end (1ý/D > 0.45) but roughly 
constant during the majority of the deformation, as 
predicted by theory. '. '2reat; r aeformation was achievedi however, whcn a more constant strain rate was used by 
varying the pressure during the test. In t-he present 
ýtests the ratio of bulge height(b*. ) to base diameter (D) 
was between 0.25 and 0-411 and a constant g. as pressure was 
used. 
For the 6 Mg alloy tested at various temperatures 
250,300 and 3501C and t1le same pressurer the 'Chickness 
strain, fiqure 89,, - was higher for *- 
higher Itemperature tests. Alt-hough tl-. -- bu'Ige heights 
were approxfmately the same, 6.2 cin at 2501C, 6.2 cm at 
300*C and 6.5 at 350*C, the strain distribution is more 
uniform at the lower temperaturer figure 90. In fact the 
bulgir)g time to rupture at 2500C was much longer (80 
minutes) relative to tests at 300*C (20 minutes) and at 
350*C ( 5-minutes), all tests being carried out at the 
same pressure. 
Thus a compromise may be necessary in which a 
temperature-pressure combination is selected to produce 
the optimum bulge profiles and reduce the bulging tire for 
a specific manufacturing operation. However., the bulging 
can be done at higher temperature, where the high dome 
profiles'are required and thickness uniformity is not 
critical. 
S-- -- - 
3.4. Metallography of Al/6 Mq alloys 
It has been shown that the whole range of 
commercial al'u. ninium/magnesium alloys show enhanced 
ductility over the temperature range 150 - 3001C e. g., 
tensile elongations of >200%, Were obtained in Al 6 Mg. 
In this section, the results of metallographic 
investigations optical, scanning and transmission 
microscopy are presented in an attempt to explain the 
enhanced plasticity of Al 6 Mg in particular. 
3.4.1. Ontical microscopy 
The microstructures of 6 Mg(153) and 6 Mg(84) are 
shown in figures (99 - 107) for low deformation 
temperature tests, up to 3001C while figures (108 - 113) 
shows the microstructures of the same alloy aL-. high 
deformation temperatures, up to 500*C. 
In f igure (99) # tha. as rcccived'6Mg(i 53) * shows 
elongated grains [20 x 36 pm], whereas uniforip equiaxed 
grains are observed in 6 Mg(84) 26 jun 0 
Pigure (100) shOWS the undeformed grip ends of a 
tensile specimen deformed at 3000C and strain rate of 
, 1.67 x 10-4 sec-4; little significant difference is seen between these two microstructures and corresponding room 
temperature conditions. However a small amount of grain 
growth has occurred in both cas"e-s. 
Figures 101 - 104 reveal the changes in 
microstructure of alloys deformed to different elongations 
50%, 100%, 200% and 250% respectively. Both tempers show 
the development of small grains. These small grains are 
all equiaxed and predominantly appear in the grain 
boundaries of the original elongated grains. 
The figures also show that the average grain size 
decreased sharply to 13 pn, in 6 Mg(153) at 2509.. 6 ýjg(84) 
-showed a less sharp decrease in ara-Lin size., to -20 )im at 200%; an increase in grain sizze was observed after 
deformation to _2250%, but this was near to the final fracture. 
Another observation is the development and the 
increase in degree of cavitation as deformation continued, 
ass figures ( 95 ý 98 ). There was a somewhat greater tendency for cavitation in 6 Mg(84) alloy than in 6 
M9(153) alloy. 
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The extent of cavitation with deformation, 
temperature and strain rate i-- shownin figures ('99 - 
101). Comparison of figure (c. 1.9 -andlOo') for specimens 
deformed at 250*C and 3001C respectively indicates that 
the growth of cavity is favoured by deformation at the 
higher temperature. Both tests were at 
1.67 x 10-4 sec-1. 
Figure (101) shows the effect of an increase-in 
strain rate to 1.67 x 10 3 sec-1 on this phenomenon. The 
riumb-er and size of the-Cavities decreases with increase in, 
strain rate. A common feature is the spreading of 
cavities along the whole gauge length with more severe 
cavitation in the vicinity of the fracture. 
Some further experiments were made on 6 Mg(84), in 
which deformation temperatures were increased to 500*C and 
ýý= 1x 10-3 sec-1. It should be noted that these high 
temperature tensile tests were carried out in Nene, 50KN 
tensile machine, fitted with split furnace, recently 
purchased by the institute. Results of imechanical 
properties of these tests are shown in Table 5. 
Figures (102,103-1 104 and 105) show the 
microstructure of specimens deformed at 300,400f 450 and 
500*C respectively. In each figure, (a) represents the 
undeformed grip ends of the tensile specimens, whereas (b) 
and (c) reveal the changes at elongations 100 and 200% 
respectively. 
From the photographs of grip ends, where the total 
deformation time is about ., 50 minutes, it can be seen that a small increase in grain size, to 25 p at 4001C, 
had occurred, compared to the value 22 pm obtained at 
30011C. 
At a deformation temperature-of 4500C, new grains 
hAve appeared, such new grains have grown bigger at 500OCf. 
suggesting Ithat static recrystallisation might start at 
., -4500C. 
An examination of the structure of deformed 
specimens shows the formation of now small grains at 400*C 
and 450*C. Whereas at 500*C they become fairly large 
giving a more homogenous grain size. At 400"C rnrid 4501C 
these new grains are*equiaxiali. and mainly occur in the 
grain boundaries of the original large and defo, rmed 
grains. This is cleav from figure (106) where structures 
of 200% elongations are magnified to 800 for all the fou-" 
different temp,. ratures. 
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Figure (lQ7) shows an unctched specimen tested at 
500*C to shoi.., the extent of cavitation throughout- the 
whole gauge length, it is clear from all the 
n, icrostructures figs (10 2-10.7) that the degree of 
cavitation increases as deformation or temperature 
increaseo. 
3.4.2. Scannina electron microsC02Y 
Scanning electron micrographs illustrating the 
fracture surfaces of 6 Mg(153-) and 6 Mg(84) are shown in 
figure (los). The fracture surface, in gencral, revealled 
predominately ductile fracture with extensive cavities, 
subjected to considerable plastic deformation. 
The size and concentration of cavities decreased 
as the defornat-Jon temperature decreased, see figure 
(108 a and b) at 300*C and compare with figure 
(1-08 c and d) at 250"C. Vnis behaviour is similar to that 
observed by optical microscopy. 
A characIteristic feature of the 6 Mg(153) fracture 
surface is the sharp-edged fractures with relatively thin 
walls, whereas 6 fIg(84) shows rounded edge fractures with 
thicker walls. 
3.4-. 3. Transmission electron microsco2y 
Transmission electron MiCroqraphs taken from. both 
gauge lengths and grip ends of the Zensile speCimens are 
shown in figures (109 - 116). The gauge length samples 
were cut from regions of 200% elongation measured from. 
grids printed on the specimen surface before deformation. 
Grip-end structure of 6 MIg(84) and 6 Mg(153), 
where the total deformation time is about 3 hours, are 
shown 1*n figures (199 and 1.10) respectively. The tests 
were carried out at strain rate of 1.67 x 10-4 sac-1. 
Figure (199 a) shows polygonized subý, -rains of 
, -6 Pm in size in the SpeCimen tested alt 25011C and a larger subgrain size (.,, 8p), at 33000C in figure (109'b). 
Figure (1-10 a) shows tangles of dislocation at 
250*C and a Itendency for cell formation at 300*C, in 
figure (1.10 b). 
The structures of sC-Amples taken f rom the deformed 
gauge length of the tensile specimens of 6 Lmg(84) at 2500C 
and a strain rate of 1.67 x 10-4 are shown -in 
figure (111) 
for 6 Mg(153) in figure (1.1,2). In bolth cases the deform. a, 6-ion prc, -'Auced marked changes from those seen in the 
corresponding grip ends. Fairly uaifarm, equiaxed 
subgrains develop in both alloys. Vie sizes of these 
subgrains appear to be smaller ( . 0.9 , Im) in 6 img(153) than in 6 mg(84) alloys (, 6 lam). 
The new sirall subgrain indicated by an arrow in 
figure. (112 b) has probably grown from a triple point., at 
the expense of: the lkrge original subgrains. - 
Increasing the deformation temperature to 300'OC 
produced a larger subgrain structure in both materials, 
see figures (113 andil. 4. ). Again 6 Mg(153) shows smaller 
subgrains (1.5 pm) than 6 Mg(84) (. vlO pm). 
Increasing the strain rate to 1.67 x 10-3 sec-1 at 
the same temperature, 300*C produces significant changes 
in dislocation structure in both materials figures (115 
and 116 ). 
6 Mg(153) shows dislocations accompanied by 
dislocation loops as in (b) or two-family dislocations as 
in (c) or a hexagonal dislocation network as in (d). All 
these dislocations seemed to be moved by stress unitl they 
have been trapped at cell boundaries. 
Dislocations may also be generated by the presence 
of a second phase (Fig. 116 b) . In the case of 6 Mg(84) (Fig.. 115. ), the structure shows mainly long, straight 
dislocations, as in (a) and (b). The dislocation 
densities, here are smaller than 6 Mg(153). Figure 115 
(c) and (d) show a-forest of dislocations trapped by 
subboundaries, Two sets of dislocations are clearly shown 
in (d), probably indicating an incompletely developed 
network. 
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3.5. Discussion 
3.5.1.02tical metallography 
Two important features emerge from the study of 
the microstructures of the 6 Mg alloys. They are: 
the limited grain distortion even after 
250% elongation. 
(2) -- the formation of-cavities throughout the 
gauge-length of the specimens. 
The detailed behaviour depends on-many factors, 
however, such as the degree of deformation, the initial 
temper cond-itions, the strain rate and the temperaturs. 
The microstructure of 6 Mg consists of a solid 
solution and a P(M92 A13) precipi4-ate, mainly in the 
grain-boundaries. (The phase diagram for Al-Mg is shown 
in figure 117). There appears to be more 0-phase in 
grain-boundaries of 6 Mg(84) than in 6 Mg(153) and this is 
probably due to the nearer-to-equilibrium condition of the 
annealed alloy. on slow cooling, precipitation of the 
phase starts at a temperature just below the solvus line 
at points of easy nucleation, e. g., grain boundaries. On 
continued slow cooling, the grain-boundary precipitate 
continues to grow through diffusion of solute from the 
matrix to the existing precipitate particles. At the same 
time, the solute concentration in the matrix is 
continually reduced and the solution never. becomes greatly 
supersaturated. Sol more ýphase is likely in 6 Mg(84) 
than 6 Mg(153). 
The lack of rMiCroStrUcture distortion found after 
warm-forming is distinctly different from that olbserved 
after conventional room temperature deformation, which is 
usually acccTpanied by severe grain deformation. 
Measurements of E strain from grain-shape changes gave a 
value of 10-15% for the slow strain rate at- 3001C. This 
is very much loss than the grid strain of 25U% measured on 
the surface of the specimens. This difference suggests 
the possibility that Ithe subgrain structure changes rather 
than grain structure ittself, however, grain-boundary 
sliding may also be important. An attempt to estimate the 
magnitude of grain-boundary sliding has been made by 
Rachinger (Ref. 103), among ;, any others. working with 
aluminium strained at 50% and-300*C, he observed no 
appreciable change in the shape of the grains and 
concluded that this was due to grain-boundary sliding. 
This should not be taken ass generally illustrative, however, since Rachinger's results are capable of 
alternative interpretations (Refs. 104,105) which have 
predicted a lower magnitude for the grain-boundary 
component. 
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It has also been suggested that deformation occurs 
-by"--shear and rotation of the grains relative to one 
another; here the average grain should then maintain its 
original shape. Some experimental results however, 
bearing directly on grain-boundary shearing (Ref. 106) 
_showed 
it should not be considered as simple sliding of 
one, grain over another,, but rather ar, plastic deformation, 
which occurs in material alongside the boundaries proper. 
Also it is recognised that the greatest amount of plastic 
deformation usually occurs in the regions adjoining grain- 
boundaries, where recovery consequently starts, in these 
regions of high strain energy. 'Thus.. during deformation 
at elevated temperatures, the regions adjacent to the 
grain-boundary will, on this theory, first undergo 
softening due to recovery, long before the material in the 
centre of the grain. This softening of the metal nexj%, -. to 
boundaries permits additional deformation to occur in this 
region, which appears as what is commonly called 
grain-boundary shear. Hoýiever, opti 
, 
cal microscopy cannot 
show whether recovery occurs or not. This aspect will be 
discussed in Section 3.5.2. 
Generally, the worked grains contain high 
densities of dislocations, which are increasingly 
polygonized as the temperature of deformation and the 
stacking-fault-energy of the metal rise. The grains 
observed in the deformed alloy are longer than the 
observed recrystallised grains and correspond in size to 
the initial grains. From these results it is concluded 
that the obviously worked regions had not recrystallised 
-in 
the course of deformation and had not been subsequently 
re-worked. 
The appearance of small new recrystallised grains 
on the grain-boundaries of deformed grains is quite clear, 
particularly-at higher deformation temperatures. These 
ýsriall grains start to appear at high temperature (40011C, 
Ix 10-4 sec-1), see figure (106), or' at 300*C and 
Ix 67 x 10-4 seC-1, figure (97). These tiny grains 
are mainly equiaxed (undeformed) aný it is suggested that 
. 
t. hey formed after deformation had ceased. Furthermore, it 
is unlikely that these small rectysitallised grains cover 
regions where recrystallisattion had occurred durin'g 
deformation, since they are found in contact with, and 
occasionally in the centre of, a worked grain which had 
not recrysItallised. 
A microstructure consisting of undeformed 
recrystallised grains in a matrix of the elongated initial 
grains is not compatible with a recrystallisation 
mechanism of steady-state hot working (Refs.. 107-110 ) which 
should give rise to a microstructure containing grains 
which had recrystallised and then been reworked, because, 
to maintain a constant flow stress, rccrystallisation must 
occur consecutively in dispersed small regions which t'hen harden while recrystallisation procecdo elsewhere. Tf, as is believed, recrystallisation takes place only after 
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deformation has ceased, dynamic recovery is probably the 
mechanism of warm forming up to 450*C. 
Recrystallisation was observed at 500*C1 
figure (116d), with distortion of the new recrystallised 
grains; this probably occurred during deformation. 
Further evidence for these views is shown in 
subgrain examination by electron microscopy and fro-in 
activation energy determination, both discussed later 
(Section 3.5.2. and 3.6. ). 
Another important feature is the cavitation 
exhibited'during the warm deformation of this alloy. In 
both temper conditions, cavities were easily visible using 
both optical and scanning microscopy. The cavities were 
formed throughout the deformed region but not in the grip 
ends of tensile specimens. The size and distribution of 
the cavities increased as the elongation or temperature 
increased and as the strain rate decreased. 
Interestingly, 'in annealed material 6 Mg(84) the cavity 
concentration seemed higher than in 6 Mg(153) figure (99). 
The reason for this cavitation is not yet fully 
understood, however, the cavities seem to start at 
grain-boundaries, particularly at triple junctions where 
the stress concentration would be relatively high. 
Because of the similarity between superplasticity, creep 
and warm-forming, it seems likely that those materials 
that cavitate in creep or superplastic deformation will 
also cavitate during warm-forming, although Matsuki et al 
(Pef. 111) who studied superplasticity in a specially 
produced Al/6 Mg alloy d'id not merition cavitation,,. even at 
elongations of Z-. 855% at 525*C and ý3.3 x 10-4 sec-1. 
More recently, r"raplin and Smith (Ref. 112) did report 
cavitation during the deformation of certain Al/Mg alloys. 
-/l 
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3.5.2. Transraission electron microscopy 
From the results of transmission electron 
microscopy, it can be seen that the characteristic feature 
of the warm-formed structure was Ithe development of small 
subgrains. These subgrains were observed in the gauge 
length of tensile specimens after deformation (200% 
elongation) rather than in their grip ends. 
The examination of these subgrains reveals that 
they were made up of a regular network of dislocations, 
figures 111 and 112; this suggests that dynamic recovery 
is the main softening process occurring during 
deformation. 
At higher deformation temperatures, more extensive 
networks and less dislocation tangles are observed, 
figures 113 and 114. In fact tigure 114 shows almost no 
dislocations present inside relatively large subgrains, 
indicating almost complete dynamic recovery. Increasing 
the test temperature from 250*C to 3000C led to an 
increase in subgrain size by 160%. Subgrain sizes of 
(0.9, pm and 6p. -i) at 250"C and (1.41im and 10pm) at 30011C for 
6 Mg(84) and 6 Mg(153) respectively were obtained. 
A relation-ship between subgrain sizes and applied 
stress. suggested in (Ref . 113) is: - 
ar'. = Kd-x 
whereas (K) is constant, (x) is about 1.5 for 
Al/Mg (d) is subgrain size and O-is the applied stress. 
Using this equation in our, case, then: - 
6 Mg(84) 
_d3on 
-1/x, 9t8291-1/1.5 1.427 
50 612 5-0 
(16,70 
and 
6 Mg(153) 
d300 H300) - 1/x 
18,085-1/11@5 
1.358 ; 
__Uý5 u 'd25 C'2 50u 
Where d300 and d250 are subgrain sizes at 3000C 
and 250*C respectively and c-300 and c-250 are the 
corresponding applied st'rec-ses. These calculated subgrains 
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are slightly 'LoweL. than 'the measured values of about 1.6vim- 
The bc; undaries between subgrains consist of walls of 
dislocations of one sign %.., hich arrang. - themselves into so- 
called. low-angle boundarAcs. In this -,..! ay 'the strain 
fields of adjacent Gislo-cations part.. ly cancel each other, 
for the tensile strain in the region below the extra'plane 
of one dislocation overlaps the compressive strain f5eld 
ition to lowering of the next lower dislocation. in add. 
the strain energy, the rearrangement of edge dislocations 
into low-angle boundaries has a second effect; this is the 
removal of general lattice curvature. 
This rearrangement of dislocat. Lons is accomplished 
without much change in the total number of dislocations 
present. Henc-a the small subgrains observed in 6 Mlg(153) 
(0.9 pm - 1.41im) compared to 6 Mg(84) (6 - 101im) can be 
attributed to the greater original number of dislocationst 
I-al can have 't annealed met due to cold-rolling. A soff 
dislocattion densities of the order or' 106 to 108 cl, 1-2,, and 
heavily cold-worked metals can have ,, 1012 cm-2. 
zes of 6N Accordlingly, the subgrain si Lig(153) were 
relatively smaller than 6 Mq(84), both at low (2501C) and 
high (300*C) temperatures. 
On the whole, the subgrains observed in the 
warm-formed structures werre still equiaxed after 200% 
elongation. Since optical microscopy s1howed Ithe oricj-,. -. al 
grains developed some shape changes, then the 
r -ion by subboundaries must be able to relocate. the-Ir po-sit 
rotation or by some continuous disintegration and 
reformation as suggested by 'McQueen ell al (Ref.. 114). This 
migration of subboundaries could also lead to the 
isolation of cracks which might arise from the original 
grain boundary and hence cack propagation would be slowed 
down (Ref. 115). 
Alternatively, these small subgrains can be 
regarded as the . 
ine-g. 
- 
4 rained structure usually necessary 
for superplasticity. It should be mentioned here, ý.. hat 
the -'I'-1, cessity of a fine grain for superplasticity was dictated, in particular, by a requirement to prevent a 
substructure forming insid-e grains (Ref. 116). Other 
workers (Refs. 117,, 118) however, showed IChat 
SuPe-plasticit-y can occur in large-grained materiaals and 
mentioned that the superplasticity in their case was not 
dependant on 'Che intrinisic grain structure. 
At 3000C, the effect of increasing the str-ain rate 
to 1.67 x 10-3 sec-1 on the dislocation substructure was 
appreciable. The dislocation networks fonn in a different distribution, and dynamdc recovery appears to be incomplete, adding to the evidence that dynamic recovery., is tile controlling softent. nq process. Examination of the dislocation substructures formed at hi-gh st. -ain cates 
revealed that- irreguLar helical dislocatiorzwere formed 
initially. Figure (116a) llolllow-o, 
-d by the of a regular network consisting of paraallf;. ý! dislocation- or haxi-agolls; the disIoca-ILiojjq, --. Q--: m to be all screw type. Figure (JlGc) show-> k. -- tvne and ficiure (116d) 
The driving stress for dislocations to assemble in_ 
tO-a. stable dislocation network can ba calculated 
according to (ReAc. jig from the following equation: - 
Gb 
4 ir (I -, V/2 )h 
-where G is the bulk modulus (3.7 x 106 psi) for Al V poisson's ratio (0.34) 
b Burge. -Is vector (1.2 x 10-8 in) 
h the mesh size of the-dislocation network. 
Taking h= 400 A (figure 116d), then the driving, 
stress for network formation = 2522 p. s. i. 
The ratio of driving stress to applied stress 
(rv 15,000 p. s. i. ) will be 0.17. Thus the applied stress 
is available for asseniblin& dislocýtion*s into stable 
networks by cross-slip. In other words, cross slip is the 
controlling dislocation mechanism during dynamic recovery, 
This conclusion was confirmed later on by 
calculating the activation energy for recovery see sec. 
(3.6. ) The ratio obtaine6 here (0.17) is comparable with 
that of 0.14 obtained by Lee (Ref. 120 ) working on Dure 
aluminium at 3000C. The difference is probably due to the 
influence of solute atoms, in 6 Mg, on dislocation motion. 
Another parameter that can 
measurements on stable dislocation 
subgrain, roatation angle, co< This 
by means of the following equation, 
be obtained from 
networks in the 
angle can be estimated 
(Ref. '121 ) :- 
ex =2 sin-I (b/2h) -- b/h 
where the terms are as described above. This gives 
a relatively high angle subboundary of 23 minutesin thisca:,, -. "6'he 
, calculaticn is for a specimen deformed at a relatively 
fast strain rate where it has been shown that a smaller 
fraction of dynamic recovery takes pjace. This s. -ructure 
actually represents the transition from a partially 
recovered structure with tangles of dislocations, to 
dislocation-free sugbra-ins and regular small-ancle 
boundaries, at low angles, the spacing between 
dislocations will, be large, as shown frorri fIgures 111-114. 
in su=ary, the systematic observation of 
dislocatiom and subboundaries fornicd during warm 
deformation confirm and strengthen the view that dynamic 
recovery is the prime sof, %ening process. This is in 
accord with the optical metallography, where no dynamic 
recrystallisation was observed. The formation of a 
regular mesh of dislocation networks provides evidence 
that the rate-controlling mechanism is the cross slip of 
screw dislocations. 
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3.6. Determination of activation energy 
In this p. art-, activation energies were obtained 
from tensile deformation data in an al-tei: ipt to clarifv the 
role of dynamic recovery and/or obtain other deformation 
forming. In this way, the contributions processes in %varr--A A. 
to the total deformation process of various mechanisms can 
be isolated and studied. (Ref. 120). 
3.6.1. Activation energy for tensile defonmation 
At each deformation temperature and at a. constant 
strain, the true stress (a, ) varies with strain rate 
in accordance with the relationship: - 
V'= (1) 
where K is a constant and m is the strain rate 
sensitivity index, g' iven from the slope of the straight 
jine ( -0109 V/ Z)109 r-)T C, see figure (118). The 
variation of Ln (r with i/T is shown in figure (119). 
To obtaiin activation energies for deformation from 
the experimental data, a local slope 'Dln trl"6 (1/T) r j, L.. 
was determined at 50*C intervals. With these values of m 
and local slopes, the activation energy for deformation, 
4 Hdj, was determined from the following relation 
. (Ref. 122). 
A C- 1/m ýe (tH -/RT) a (2) 
or Hd ln c5- 
mS (17TT 
where A is a constant and R is the gas constant. 
Figure (120) shows the variation ofA lid with 
temperature and two activation energies are apparent: a 
6 lid value of 21 + 3.5 k cal/mole (8ý + 13 K Joule/mOle) 
at the lower temperature range and a HA of 25.2 + 3.2 k 
cal/mole (105 + 13 K joulle/mole) at 'the- higher 
temperatures. -It appears that a hi * gh strain rate will shift the curve to a lower activation energy. This feature of 'the curve is similar to that obtained on pure 
aluminium by Lee et al (Ref. 120); their results are shown 
on the same graph. Pure aluminium shows a higher energy level than Al/Mg alloy. This is probably due Ito alloying 
additions and the high flow stresses of the Al/mg alloys. 
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3.6.2. The activation ener2y for dynamic recovery 
In the -temperature range considered in th_Js work, 
dynamic recovery is the most likely process affecting 
dislocation motion. It is difficult to conclude accurate 
results about dislocation mechanisms by the measurement of 
activation energy, since the Q for self--diffusion in pure 
Al is very similar to the Q for Mg diffusing in Al and so 
it is necessary'to obtain a more sensitive parameter than 
A method (Refs. 123,124) of calculating the amount of 
recovery occurring at a given temperature at constant 
strain involv 
' 
es separating the flow stress into its 
reversible and irreversible components. This is necessary 
since a decrease of flow stress with tamp (see figure 119) 
can result from either a decrease in elastic constants 
(reversible) or from recovery (irreversibl"e). If the 
irreversible decrease in flow stress (-, 10-*? irr) is 
normalized to flow stress (o'j) at a sufficiently low 
temperature, where recovery does not occur, the relative 
friction of dynamic recovery (fr) at constant strain can 
be calculated as follows: - 
Since -6,1*ev arises primarily from the change of 
elastic modulus with temperature, then: - 
1*1, cy'rev ý-' Ch [ (El/Eh)-ll (4) 
where crh is the flow stress at strain QE) 
and temperature (Th)-see figure (121)-and El and Eh 
are the Young's modulus at temperature Tj and Th 
-ress respectively. then-the irreversible change of flow std, 
6(rirr is given by: - 
z» ': 71 - Uh (El/Eh) (5) 
where a-I is the flow stress at the same strain 
and temperature T, see figure (121). The-parameter 
6CFI-rr/CI-1, which is a quantitative measure of dynamic 
recovery (Ref. 124 ) can be obtained from: - 
(0-h El 
%71-7) 
ý'E 
h 
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-Taking 
Tj = 250C as the reference deformation 
te _ mperature in this work, it should-be noted that the 
temperature for no recovery was taken (Re-L. . 120 ) as -73"C for pure Al, but this is not expected to introduce much 
error, since recovery in Al alloys at 251C is negligibly 
small. 
The relative fraction of dynamic recovery (f-r) 
is defined from equation 6 as: - 
fr AO'i rr1- C5h E (7) YI-- -ui- -; 
ý- 
Here, the values of fr are obtained by 
substitut-ing measured values of flow stress and. published 
data of Young's modulus, figure (122), (Ref. 125 ) at 
various temperatures. 
The relative fraction of dynamic recovery 
increases with deformation temperature but decreases as 
initial strain rates increase (figure 122). This 
variation in fr is understandable,, because more thermal 
energy and time are available for the process of dynamic 
recovery as the deformation is increased and the strain 
rate is lowered. 
f 
The relative fracstion of dynamic recovery datal 
as a function of temperature, for pure Al, (Ref. 120) 
, the are plotted on the same graph. It is noted that 
dynamic recovery of 6 Mg(153) alloy greatly depends on 
temperature'compared to pure Al; where temperature is not 
significant. While at temperatures >200or, the 6 Mg 
alloy approaches th. e same valu-- as that for pure Al. The 
fraction of dynamic recovery occurring in both materials 
decreases with strain rate. 
Thedifferential of fr with respect to time tj 
4 
fr 
ýr-c 
is considered to represent the rate of dynamic 
recovery and moreover, as dynamic recovery is believed to 
be a thermally-activated process, its fr can be 
described as: - 
f (- A Hr/RT) fr dfr Ae 
ZT- 
-75" 
where A- is the pre-exponential factor 
&Hr the activation energy for dynamic 
recovery 
.R the gas constant, and T the absolute temperature of deformaticn. 
The time t, necessary to achieve a strain 9 at an 
initial strain rate to, is given by: - 
gy: 6o (9) 
upon obtainin, 
activation energy for 
determined to be 17.3 
from the slope of the 
figure (130). 
g the values of f= dfr/dt, the 
'0 
dynamic recovery Wir was 
+3k cal/mqle (72 + 13 KJoule/mole) 
T; lot of ln fr versug (l/T) , 
This value of Mr approaches the values which 
gives the theoretical activation energy for cross-slip as 
reported by Schoeck and Seger (Ref . 126 ) to be 
, &. Hc = 16 - 25 k cal/mole (70 - 105 K Joule/mole) 
-76- 
3.7. Discussion 
The activation energy for deformation shownin 
figure (120) have a two-stage appearance, a lower-level 
activation energy (88 + 13 k Joule/mole) and a higher 
level of activati6n en-ergy, (105 + 13 K Joule/mole). Both 
of these correspond with the activation energy where the 
cross slip of screw dislocations is the Yiiain controlling 
mechanism (118 k Joule/mola (Ref. 1'27 
Table 6 suTnarizes the activation energy values 
reported in aluminium for various deformation processes. 
The difference betaeen experimental activation energy for 
dynamic recovery reported in this work 
(. 72 + 13 k Joule/mole) and static recovery 
118 W Joule/mole, reported in (Ref. 123) appears to be 
significant in Al/Mg alloys. The kinetics and degree of 
softening however are appreciably greater (Ref. 130) for 
dynamic recovery; this is'in agreement with its lower 
activation energy. 
The theoretical values for the cross-slip of screw 
dislocations(70 - 150 k Joule/mole) a4re those for dynamic 
recovery and so it appears reasonable to conclude in our 
case that I'this is the controlling mechanism. 
Observation made in the TEM confirm and strengthen 
these conclusions. 
Chapter IV 
General Discussion a: nd Conclusions. 
Chapter IV 
4.1. General discussion and conclusibns 
The ductility of the Al/1-1galloyp-is enhanced 
by raising the temperature. 
The increase in ductility depends on strain 
rate and temperature. Values of more than 200% 
elongation were achieved in 4 Mg and 6 Mg alloys at 
temperatures less than 300*C ( 0.68 T. ) and at a 
true initial strain rate of 1.67 x 10-W sac-1. 
(2) The general effect of magnesium content is 
to decrease the ductility at r9om temperature, but 
increase it at elevated temperatures, though, in the 
case of 0 Mg the ducility decreases at still higher 
This effect arises from the influence temperatures, 
. 
of magnesium on the substructure of the alloy. 
(3) At room temperature duct'ýIli. tydecreases with 
increasing deformation, but at elevated 
temperatures',, this behaviour is reversed but depends 
on strain rate jd-bf brmation temperature and magnesium 
content. 
The stress required for warm forming is 
considerably higher than that for genuine 
superplasticity. This is because the temperatures 
used are relatively low and flow stress is 
temperature dependent. 
(5) The m-value is the most important parameter 
in increasing the ductility. 
As in the case of superplastic deformatiopt 
there is a close relationship between m value and 
elongation. In general, elongation tc7failure 
increases with increasing*value of m. A value of m 
- 0. '. 4 was obtained. 
(6) A large value of m means higher cup height 
in both 2 Mg and 6 L'-Ag alloys. 
From a practical view-point such correlation 
could be useful in predicting the cup height from 
the m value determined from d simple tensile test. 
(7) G. Mg alloys showed higher cup heights than 
2 Mg alloys. 
The effects described for-uniaxial tensile 
are broadly followed in the punch-stretching 
experiments, showing that biaxial behaViOUr can be 
predicted from uniaxial data, as is the case in 
conventional sheet metal forming. Cup height at 
fractureph*viricreases vith increasing temperature. 
The initial temper and punch-speed have a 
great influence on 2 Mg thanon 6DIg -*n punch stretching. 
Pox the 21-1-galloy, higher cup heights are 
obtained by increasing the temperature, decreasing 
the punch speed and at higher temperature by using 
the hard temper sheet. For 6 Mg, punch speeds 
between I.. ')5 and 25mm/min had little effect and 
using a hard, temper was no better than an annealed 
one at temperatures up to 300*, Q. 
(9) The extent of warm bulging is greatly ' 
influenced by magnesium content, bulging temperature 
and bulging pressure. 
The effect of magnesium shown in tensile 
tests is also clear in bulge stretching 
experiments, 6 Mg allLoys show deeper bulges and 
larger thickness strains than did 2 Mg and 0 Mg. 
For a given alloy (G Mg) and pressure (1 MPa)r 
bulging can be carried out at a higher temperature 
(350"C) in a'relatively short time (5 minutes) with 
more thickness strain. From a practical point of 
view, bulging can be done at higher temperatures if 
the final thickness uniformity is not critical. 
(10) Optical microscopy shot-is that dynamic 
recrystallisation cannot be the softening proCess 
during deformation. 
The microstructure reveals very small 
equiaxed grains predominantly near to the worked 
grain boundaries. Due to '%.. he equiaxity of these 
grains, it. is believed that they formed when 
deformation had ceased. 
The cold-rolled alloy showed fin,,,,. grain 
zes than the annealed material. 
This must be due to the degree of cold 
worked and dispersion of the second phase, which 
restrains grain growth and restricts crack 
propagation and hence postpones fracture. 
(12) Cavitation is observed in the whole gauge 
length of the specimens, but not in the grip ends. 
- It is believed that the cavities forn, 
originally at triple points and in grain boundaries. 
For a given elongation, slower strain rates and higher temperatures -favour larger cavities, suggesting that diffusion is the rate controlling 
racchanisin for cavity growt-h. Again, for a given 
elongation, the amount of cavitation is smaller in 6 Mg(153)' than in 6 Mg(84). 
-lv- 
(13) During the e"-rly stages of deformation, a 
fine subgrain structure is formed which persists 
until ftacture. 
Subgrains were forined as a result of 
deformation. at 250"C and 300*C. II-hese subgrains, 
which result from the tensile test indicate that 
dYnamic recovery, which occurs during de"onition is 
responsible for the enhanced ductililty of Al/Mg 
alloy. 
ler subgrains were found in the hard (14) Smal. 
rolled alloy 6 14g(153) than in the annealed one 
Mg(84). 
This is attributed to the larger initial 
dislocation density associated with cold-rolled 
materials. 
Subgrains remain equiaxed, while grains 
elongated. 
This is due to the ability of Subboundaries 
to relocate their position by rotation or 
disintegration and reformation of dislocations under 
the applied load. 
Formation of regular-mesh dislocation 
networks at higher strain rates. 
This structure provides evidence that 
cross-slip occurs during the dynamic recovery 
process. 
The subgrain size increases with increasing 
deformation temperature, again 6 mg(153) shows 
smaller subgrain size than 6 Mg(84). 
Two levels of activation energy are observed betwen 
room temperature and . 3000C. The activation enera-y 
. at lower temperattures (88 4- 13 k Joule/mole) and also the larger activation-energy (105 + 13 k 
47oule/mola) at higher temperatures are 'Enown to be 
associated with the cross-slip of screw 
d isloc. --, t.. ions. 
The relative fraction of dynamic recovery 
increases with deformitiontemperature but dec-reases 
as the strain rate increases. 
This variation occurs because more thermal 
energy and time are available for the process of 
dynamic recovery as the deformation temperature. is increased and strain rate is lowered. 
-80- 
(20) The measured 
, 
activation energy for dynamic 
recoverv is similar to the theoretical values of 
_activation 
energy calcula 
, 
ted for cross-slip. of scAew 
dislocations and therefore this is the rate 
controlling process for dynamic recovery. 
-81- 
4.2. Recommendations for future work 
A more detailed study of the influence of higher 
magnesium contents (up to 350b) should yield a useful 
information on its role in warm forming operations 
and perhaps offer new products. 
2. A detailed study of the cavitation reasons and the 
mechanisms operating. This might shed some light on 
one of the most serious disadvantages of the current 
series of alloys. 
3. An investigation into the effect of other alloying 
additions on ductility, strength and properties of 
Al/Mg. This could yield a more useful alloy. 
4. More experiments are required on the hot bulging 
process at various pressures and temperatures. 
5. Design and prove a hot pressing and hot bulging 
machine on an industrial scale with a good 
temperature control and minimal heat losses. 
-82- 
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Tab Ic3; Stra in rate dote m, I nat i on of21.19 hot p ross i ng - 
Al loy Test Punch Cup Pole True Strain Strain, Rate 
0 Temo C Sp! ced Height thick f-In% It t 
, v j-V sec 
V /min h* In t In. tz 
2Mq(56) 0 *05 0.991 0.0165. 1.047 
4 
8.8 x 10 
2-1903) . 0.921 0.0153 1.09 
4 9.9 x 10- 
2V, 9(56) 150 0 2 1.000 0.0158 1.09 3.6 x 
1073 
2Mg(73) . 0.912 0.0152 1.13 4.1 x 10-3 
2(49(56) 1 0 0.949 0.0122 1.35 
-2 2.37 x 10 
2Mq(73) . 0.871 0.0174 0.99 -2 1.9 x 10 
2Mq(56) 
0 05 1.058 0.0100 1.55 1.22 x 
10-3 
21,19(73) . 1.018 0.0122 1.35 - 1.10 x 1073 
2Mg(56) 
200 0 2 1.045 0.0105 1.50 4.80 x 
10-3 
2Mg(73) . 0.967 0.009 1.65 5.7 x 10 -3 
2Mg(56) 1 0 0.959 0.0146 1.17 2.03 x 10-2 
2Mq(73) . 0.949 0.0145 1.1)76 2.07 x 10-2 
2Mg(56) 0 05 1.012 0.0068 1.93 1.6 x 10- 
3 
2Mq(73) . 1.112 0.0095 1.60 1.2 x 10 -3 
. Vq(56) 250 0 2 1.005 0.0098 1.57 5.2 x 10 . 
11 -3 
2Mq(73) . 1.064 0.0085 1.71 5.4 x 10-3 
2Mg(56) 
1 0 1.005 0.0078 1.8 
-2 2.98 x 10 
2Mq(73) . 0.951 0.007 1.5 -2 2.70 x 10 
2, '49(56) 
0 05 1.162 0.0082 1.75 
3 
1.25 x 10 
2t, 19(73) . 1.213 0.0075 1.90 
3 
1.30 x 10 
2M9(56) 300 0 2 1.068 0.0085 1.71 
5.3 x 10- 
3 
2Mq(73) . 1.157 0.0085 1.71 
3 
4.9 x 10 
2t4g(56) 
1 0 0.984 0.01151 1.41 
2.38 x 10-2 
Zmq (73) . 1.083 '0.0042 2.4 -2 3.72 x 10 
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Fig. 102 Microstructure of 6 Mg(84) deformed at 3000C and 
iEý= 1x 10-3 sec-1. 
(a) 200% elongation (b) 100% elongation ond 
(c) grip end. (x 200). 
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Fig. 106 Microstructure of. 6 Mg(84) deformed to 200% 
elongation and nIx 10-3 sec-1. 
(a) 3000C, (b) 4000C, (c) 4500C and (d) 5000C. 
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Fig. 108 Scanning fracto raphs for specimens deformed at 
C, -- 1.67 x 10-1 sec-1. 
(a) 6 Mg(153) at 3000C, (b) 6 mg(84) at 3000C, 
(c) 6 Mg(153) at 2500C and (d) 6 Mq(84) at 2500C 
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Fig. 109 Thin foil from grip end of 6 Mg(84) , pecimen 
deformed at strain rate of 1.67 x 10-4 sec-1. 
(a) 250*C and (b) 300'C. (x 25 K). 
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Fig. 112 Dun foil taken from deformed gauge length 
of 6 Mg(153) at 2500C and 1.67 x 10- 
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sec- 
1. 
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Fig. 113 Thin foil taken from deformed pauva Icn), th (2()()'. '. ' clongatloll, 
of 6 Mv -4 ,, 
(84) at 3000C and t= 1.67 x 11) .xK. 
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FIG. 120. VARIATION OF ACTIVATION ENERGY FOR DEFORMATION 
OF 6Mg (153) WITH TEMPERATURE AT VARIOUS 
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193 
P*h 
9 
STRAIN 
FIG. 121. SCHEMATIC STRESS-STRAIN CURVES AT TWO 
TEMPERATURES T, AND Th (Th >Tj). 
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FIG. 122. ELASTIC MODULUS (E) VS TEMPERATURE (RER25) 
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FIG. 123. VARIATION OF RELATIVE FRACTION. OF DYNAMIC RECOVERY 
WITH TEMPERATURE FOR 6Mg (153). AT VARIOUS 
STRAIN RATES. 
196 
7 
. I= L) 
z 
LL 
0 
cr- 
5 
4 
0 
AHr 50 KJ/mol 
fr A e- 
AHr/ RT 
slope A Hr R 
2-1 2-2 2-3 2-4 
3 
x 10 K 
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